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vABSTRACTS
Modeling the fate and transport of bacteria in water bodies is important for
reducing outbreaks of water-borne diseases. However, limited understanding of
microbial-particle interactions has led to the diminished accuracy of modeling efforts.
The collective work from this thesis attempts to identify genetic factors involved in the
attachment of the aquatic fecal indicator organism E. coli to sediment particles. Seventy
eight distinct E. coli strains isolated from sediment and water of a local stream were
tested for cell properties and attachment propensity to three model particles under
environmentally relevant conditions. The results demonstrate that isolates from sediment
and the overlying water column possess different cell properties and that attachment
ability is influenced by both strain type (genotype) and particle type. We proceeded to
analyze the roles of surface structures in bacteria-particle interactions through proteomic
analysis and molecular manipulations. We found species-wide variation of outer
membrane protein A (OmpA) among our E. coli collections and the five different
versions of OmpA differ primarily on the extracellular loops. Moreover, the
polymorphism of OmpA is associated with heterogeneity in cell surface properties and
attachment ability to an organic particle, corn stover. We further characterized the five
versions of OmpAs through constructing strains differing only in OmpA sequence and
conducting property measurements and attachment assays. The results confirmed that
OmpA plays a major role in determining cell properties such as zeta potential and
hydrophobicity, as well as attachment to environmental particles. Through investigation
of the distribution of different OmpA among our E. coli collections, we found that
isolates from sediment are more diverse than those from the water column, in terms of the
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OmpA patterns. Moreover, we found that E. coli with the same O antigen type encode the
same pattern of OmpA, with rare exceptions. Apart from OmpA, we also studied the
roles of outer membrane protein X (OmpX), flagella, and extracellular polysaccharides in
attachment of E. coli to particles. In summary, the findings of our work should provide
new insights into the mechanisms of bacterial attachment in the environment and outer
membrane proteins study.
1CHAPTER 1. GENERAL INTRODUCTION
1.1 Background
My work included in this thesis is divided into two separated but coherent sub-
sections based on the main topics they illustrate. The goal of the first section is to
investigate genetic factors involved in the attachment of bacteria to sediment particles.
The second one is about further characterization of the most intriguing genetic factors we
found. The following contents introduce the backgrounds of these two topics.
Significance of studying bacteria-particle attachment
Water borne diseases are referred to illnesses caused by infection with pathogenic
microorganisms in contaminated water. It threatens public health by causing about 0.8
million deaths in 145 low- and middle-income countries per year (1). In United States,
from 2011 to 2012, 32 water borne diseases outbreaks were reported, causing 431 cases
of illness, 102 hospitalizations and 14 deaths according to CDC’s surveillance (2).
Harmful microorganisms in open water are sourced from a combination of point and
nonpoint sources of pollution, which include industrial facilities, animal feeding
operations, wastewater treatment plants, land application of manure from animal feeding
operations, and direct deposit by grazing animals (3).
After reaching open water, microorganisms, especially bacteria, tend to attach to
particles and settle to the bottom of streams and lakes (4, 5). Previous research showed
that 20% to 50% of bacteria in open water are associated with sediment particles (6, 7).
Sediment associated bacteria were found to be more resistant to environmental stresses,
influencing the survival and fate of bacteria in a surface waters (8-12). Surviving
2microorganisms can further contaminate more surface water when they transport along
with flow under severe weather conditions. Recreational activity in contaminated water
can lead to outbreaks of disease such as diarrhea and dermatitis. Thus, effective
prediction of the fate and transport of pathogens through watersheds is important for
reducing these public health threatening events. However, the fact that bacteria tend to
attach to sediment makes it difficult to develop accurate model for the prediction.
Current prediction models used by researchers are based on different assumptions
of the attached bacteria factions and the nature of attachment (5, 13-15). The discrepancy
on weighing the parameter of attachment leads to uncertainty in the field of
environmental transport. To improve the accuracy of the modeling, our understanding of
microbe-particle interactions and the resulting impact on water quality needs to be
extended.
Previous work has reported that bacterial attachment can be affected by bacteria
and particle properties, such as surface charge, hydrophobicity, size, and sphericity (16-
18), and environmental factors, such as pH and ionic strength (19). While some bacterial
and particle properties play major roles in the attachment process, others may play minor
ones. Although extensive research work has been focused on this topic, these studies are
often limited to a single or few strains and particles as the research subjects, and resulting
in discrepancies among different studies. Chapter 2 of this thesis reviews the theories
developed in the field of bacterial-surface attachment and efforts of researchers in
modeling bacterial transport in surface water.
Our goal is to identify and characterize genetic factors involved in bacterial-
particle attachment through investigating attachment behavior of distinct E. coli isolates
3under environmentally relevant conditions. Genetic factors were identified by proteomic
analysis and confirmed by molecular manipulations. Part of the work employed a novel
method, comparative attachment assay, which efficiently differentiated the change of
attachment propensity of gene-deficient mutant and wild type strains. Our collaborator
Xiao Liang from Dr. Soupir’s group conducted analysis of environmental factors such as
temperature and pH that also affects attachment. The combined efforts can lead to a
better understanding of bacterial attachment, more accurate prediction of environmental
bacterial transport and more practical guidance for policy making.
Outer membrane protein A (OmpA) as an important genetic factor influencing
bacterial properties and behaviors
OmpA is one of the most abundant outer membrane proteins of Gram-negative
bacteria, with expression of 2-3 × 105 molecules per cell (20). As a transmembrane
protein embedded in the outer membrane, its N terminal crosses the outer membrane 16
times, leaving four relatively large extracellular loops on the surface and four small turns
in the periplasmic space (21). The C terminal portion is linked to the peptidoglycan (21).
OmpA is reported to be a porin bringing small molecules into cells (22, 23), a receptor
for bacteriophage and colicin (24, 25), and an important target for the mammal immune
response thus a contributing factor to the pathogenicity of E. coli (26, 27).
The most intriguing discovery of our work on genetic factors driving bacterial
attachment to particles is about outer membrane protein A (OmpA). We found five
different versions of OmpA among 78 distinct E. coli isolates, differing mainly in the
amino acid sequences of extracellular loops displayed on the cell surface and exposed to
environment. Moreover, we found that they render different cell properties, such as zeta
4potential and hydrophobicity, to their host E. coli. Most importantly, they make E. coli
isolates behave differently in attachment to different environmental particles.
Given the fact that we are the first to discover the polymorphism of OmpA within
the species of E. coli, we are obligated to further characterize these different versions of
OmpA. Therefore, we constructed five strains that differ only in OmpA structures. By
investigation of cell behaviors such as zeta potential, hydrophobicity, attachment ability
to model particles, biofilm formation ability, and sensitivity to neutrophil elastase, we
concluded that the extracellular loops of OmpA play an important role in shaping the
overall properties of E. coli. Other analyses in regards to phylogenetic and evolutionary
development were also conducted.  Moreover, we surveyed the distribution of different
OmpA among strains isolated from sediment and water columns and the connection
between O antigen and OmpA pattern.
Through conduction of a variety of molecular manipulations, bioinformatics and
statistical analyses, and biochemical assays, this work deepened our understanding of
bacterial attachment and broadened our knowledge about OmpA. More research is
needed to further characterize the five different patterns of OmpA in order to identify the
possible competitive advantages that OmpAs confer to their host E. coli, to apply them in
more practical application such as biochemical production, and to use them as molecular
manipulation tools.
1.2 Thesis Organization
The thesis is composed of six chapters and one Appendix. They are organized as
follows: Chapter 1 is a general introduction of background and organization of the thesis.
5Chapter 2-5 are papers either published or under review regarding the topic of
microorganism attachment to environmental particles and further characterization of
OmpA. Chapter 6 is a summary of the contained work and insights into future work.
Appendix is a list of tables and figures derived from additional experiments that may be
published in the future.
Chapter 2: Cellular, particle and environmental parameters influencing attachment
in surface waters: A review
Chapter 2 is a review paper about research on microbe-particle attachment in an
aquatic environment. It is focused on a discussion of waterborne diseases caused by
pathogen contamination, genetic and environmental parameters involved in attachment
initiation, fecal indicator organisms and water quality standards, laboratory based
methodologies for enumerating attached micro-organisms, and the need for a
comprehensive study of these parameters to improve modelling of pathogen fate and
transport in a water area.
Chapter 3: Diversity in properties of Escherichia coli derived from stream water
and sediment
Chapter 3 is a research paper studying properties of different E. coli strains
isolated from water columns and sediment. The properties include hydrophobicity, zeta
potential, net charge, total acidity, and extracellular polymeric substance (EPS)
composition. My contributions to this work include bacterial isolation from river,
differentiating isolates based on fingerprint patterns generated from repetitive sequence-
based PCR, and measuring zeta potential of 78 isolates.
6Chapter 4: Genetic factors driving the attachment of Escherichia coli to stream
particles
Chapter 4 is a research paper studying genetic factors impacting the attachment of
E. coli to environmental particles. Cell surface structures including flagella, outer
membrane proteins, and extracellular polysaccharides were explored for contribution to
attachment through proteomics analysis, molecular manipulation and a novel competitive
attachment assay.
Chapter 5: Species-wide variation in the Escherichia coli outer membrane protein A
influences cell surface properties and attachment to environmental particles
Chapter 5 is a research paper characterizing five distinct patterns of outer
membrane protein A (OmpA) among 78 river isolates of E. coli. Five alleles of OmpA
were found rendering E.coli different cell properties and propensities for attachment to
environmental particles. This study also covered phylogenetic analysis of OmpA across
the Enterobacteriaceae family and relationship between O antigen and OmpA pattern.
Chapter 6: Summary, conclusion and future work
This is a summary of my work which compiles our conclusions and proposes
future work that can help to further explore the research topic.
Appendix
This is a list of tables and figures from additional experiments that might be
published in the future.
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CHAPTER 2. CELLULAR, PARTICLE AND ENVIRONMENTAL
PARAMETERS INFLUENCING ATTACHMENT IN SURFACE WATERS: A
REVIEW
A paper accepted by Journal of Applied Microbiology
C. Liao, X. Liang, M.L. Soupir, L.R. Jarboe
Abstract
Effective modeling of the fate and transport of water-borne pathogens is needed to
support federally required pollution-reduction plans, for water quality improvement
planning, and to protect public health. Lack of understanding of microbial-particle
interactions in water bodies has sometimes led to the assumption that bacteria move in
surface waters not associated with suspended mineral and organic particles, despite a
growing body of evidence suggesting otherwise. Limited information exists regarding the
factors driving interactions between microorganisms and particles in surface waters.  This
review discusses cellular, particle, and environmental factors potentially influencing
interactions and in-stream transport. Bacterial attachment in the aquatic environment can
be influenced by properties of the cell such as genetic predisposition and physiological
state, surface structures such as flagella and fimbriae, the hydrophobicity and electrostatic
charge of the cell surface, and the presence of outer-membrane proteins and extracellular
polymeric substances (EPS). The mechanisms and degree of attachment are also affected
by characteristics of mineral and organic particles including the size, surface area, charge,
and hydrophobicity. Environmental conditions such as the solution chemistry and
temperature are also known to play an important role. Just as the size and surface of
11
chemical particles can be highly variable, bacterial attachment mechanisms are also
diverse.
2.1 Introduction
Nearly 15% of waters across the United States are classified as impaired because
of elevated pathogen levels, determined by presence of indicator organisms such as E.
coli and enterococci (1). To prevent waterborne disease outbreaks and identify when
there is a critical threat to public health, better models of the fate and transport of
pathogenic organisms to drinking and recreational water supplies are needed. Existing
models generally perform poorly when predicting environmental fate and transport of
microorganisms, and one reason is the lack of understanding regarding the movement of
organisms and interactions with environmental particles (2). Previous researchers have
provided comprehensive reviews of the presence of pathogens in a range of water
systems (3) as well as the fate and transport of pathogens in the environment (4-7); and
many of these previous works raise awareness of the limitations in our understanding of
microbe-particle interactions and the resulting impact on water quality.
Here we consider cellular, particle and environmental factors and the role they
may play in aqueous transport of microorganisms. In general, the microorganisms
considered here are representative of bacterial pathogens associated with waterborne
diseases.  Section 1 provides background on waterborne disease outbreaks and the
legislation and strategies put in place by the regulatory agencies to reduce microbial
pollution of the waters of the United States. Next we define attachment and discuss the
12
implications of attached organisms in the environment and describe laboratory-based
methodologies for enumerating attached microorganisms.  The third section describes in
detail cellular properties potentially influencing attachment, including flagella, fimbriae,
outer-membrane proteins (OMP), polysaccharides, and growth phase and state. The
fourth section considers the role of particle properties on attachment, including size,
surface charge and charge density, organic matter content, surface area, and
hydrophobicity. In section 5, the potential impact of environmental factors, including
ionic strength, temperature, and pH are described. This review highlights the conflicting
evidence regarding the role of specific parameters that drive microbe-particle interactions
and also identifies the need for a comprehensive study of these parameters to improve
understanding of and modeling of pathogen fate and transport in waters.
2.2 Background
Waterborne disease outbreaks
Waterborne disease outbreaks are often caused by ingestion or dermal contact
with water contaminated by pathogenic microorganisms such as bacteria, protozoans, or
viruses, present in human or animal excrement. Pathogenic organisms cause illnesses
including but not limited to common gastroenteritis, diarrhea, typhoid fever, and
dermatitis (8, 9). As the most well-known waterborne diseases worldwide, enteric and
diarrheal diseases contribute to the death of more than 5 million people every year around
the globe. In developing countries, diarrhea is one of the leading causes of childhood
death and is attributed to unsafe drinking water, lack of sanitation, and insufficient clean
13
water for hygiene (10). Waterborne diseases also occur in developed countries with
modern water and sanitation systems. Between 2007 and 2008 the United States had 36
documented outbreaks of waterborne disease associated with drinking water and 134
outbreaks due to water-related recreational activity (11). The largest waterborne disease
outbreak in United States history occurred in 1993 in Milwaukee, WI, when over 400,000
people became ill due to Cryptosporidium in the city's drinking water supply.
Regulatory strategies in the United States
Water pollution is a global problem which requires ongoing evaluation and
revision of water resource policies from international to national and local levels. For
over 120 years, water pollution regulation is focused on in the United States. The River
and Harbors Appropriation Act of 1889 first made it a misdemeanor to discharge refuse
matter of any kind into navigable waters. In 1948, the Federal Water Pollution Control
Act was the first major law in the U.S. to address water pollution. It was amended in
1972, to what is now known as the Clean Water Act (CWA), which established the basic
structure for regulation of pollutant discharges into the waters of the United States. The
act established the goals of eliminating releases of high amounts of toxic substances into
water, eliminating additional water pollution by 1985, and ensuring that surface water
would meet standards necessary for sport and recreation by 1983 (12). While these goals
have not yet been met, the CWA has been successful in regulating discharges of
pollutants into the waters of the United States and in setting water quality standards for
surface waters. The general water quality conditions are reported to Congress and the
public every 2 years by National Water Quality Inventory Report (305(b) report).
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Contamination of surface water bodies is often due to a combination of point and
nonpoint sources of pollution. Point source (PS) pollution is that which originates at a
single identifiable source. Point sources include industrial facilities, municipal
wastewater treatment plants and other government facilities, and animal feeding
operations. The National Pollutant Discharge Elimination System (NPDES, Clean Water
Act Section 402) is a permit-based system for regulating the discharge from point sources
into navigable waters. Nonpoint source (NPS) pollution originates from non-regulated
point sources and is often generated in the upland areas of a watershed and transported to
water systems during hydrologic events. Major activities resulting in bacteria transport to
surface water from NPS include land application of manure from animal feeding
operations, direct deposit by grazing animals (13), wildlife, and private septic systems.
Fecal indicator organisms and water quality standards
E. coli and enterococci are used as fecal indicator bacteria to predict when a risk
to human health is present. Commonly found in the lower intestine of warm-blooded
animals, E. coli is a Gram-negative, rod-shaped bacterium. It was recommended as a
freshwater indicator of fecal contamination by the U.S. EPA in 1986 (14), and is still
considered to be one of the most reliable organisms used to indicate the presence of fecal
pollution in environmental waters (15), and to indicate when a risk to human health is
present. As the concentrations of indicator organisms increase, it is likely that other
pathogenic organisms present in fecal material will also be in the water body, threatening
human health (16). Exposure limits have been established to protect human health. For
example, the EPA defines acceptable recreational limits as those that will result in eight
or fewer swimming-related gastrointestinal illnesses out of every 1,000 swimmers (14),
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with illness being defined as vomiting, diarrhea with a fever or disabling condition, or
stomach ache or nausea in addition to a fever. Others have also identified a correlation
between indicator organisms in water and gastrointestinal illness in humans (17). For
example, one study observed a significant correlation between increased gastrointestinal
illness and indicator organisms at Lake Michigan beach, and a positive correlation for
indicator organisms at Lake Erie beach (18). However, recent work by Edge et al. (2012)
found that waterborne pathogens were detected in 80% of water samples with low E. coli
concentration [less than 100 CFU (colony-forming units) 100mL-1)] (19). The U.S. EPA
recommends that the geometric mean concentration of E. coli for recreational activities
should not exceed 126 CFU 100mL-1 and the single sample maximum should not exceed
235 CFU 100mL-1 (14).
Until recently, the U.S. EPA’s recommended water quality testing strategies were
dependent upon culture-based methods, which are time-consuming and may pose
potential health hazards (20). The Ambient Water Quality Criteria developed by the U.S.
EPA in 1986 were recently revisited, and in 2012 the U.S. EPA established the new
Recreational Water Quality Criteria (RWQC). Culturable E. coli (for freshwaters) and
culturable enterococci (for marine waters) remain the two measures of recreational water
quality, but quantification of enterococcus populations by quantitative real-time
polymerase chain reaction (qPCR) methods was added as an acceptable alternative to
measuring CFU in a water sample. While detection of pathogens and pathogen indicators
via qPCR is promising due to the rapid turnaround time and strong correlation with health
outcomes (21, 22), analytical costs are high and specialized laboratory equipment is
16
required. Furthermore, qPCR is unable to differentiate between viable and non-culturable
organisms.
Water quality improvement plans
Although pollution control technologies have been implemented by many point
sources such as municipal wastewater treatment plants, of the assessed river and stream
miles in the United States, 54% still do not meet the national goal of “fishable and
swimmable” (1). Under Sections 303 (d) and 305 (b) of the Clean Water Act, states,
territories, and authorized tribes are required to identify impaired waters and to develop
water quality improvement plans for these waters based on a calculation of a total
maximum daily load   (TMDL). TMDL is a calculation of the maximum amount of a
pollutant that a waterbody can receive while still meeting water quality standards. Once
established, the TMDL is used to set limits on allowable discharges to meet water quality
standards by identifying and quantifying both PS and NPS contributing to the problem.
The calculation of a TMDL is as follows:
TMDL = WLA + LA + MOS
where WLA is the wasteload allocation from PS of pollution, LA is the load allocation
from NPS of pollution, and MOS is the margin of safety which accounts for the
uncertainty in the response of the waterbody to loading reductions.
One method often used to set TMDL load allocations among point and nonpoint
sources is through watershed-scale water quality modeling. If there are multiple
impairments existing, a typical TMDL plan often must address multiple pollutants,
including bacteria, sediment, nitrogen, and phosphorus. Following approval of a TMDL
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plan, implementation plans are developed to recommend best management practices
(BMP) and other management strategies (23) to reduce pollutant loading to waters.
Accurate modeling of bacterial fate and transport in the environment is critical to
successful TMDL implementation plans. Watershed scale, water quality models such as
the Soil and Water Assessment Tool (SWAT) may be used to predict bacterial fate and
transport (24-26), but most models simulate bacterial transport as unattached cells,
mainly due to insufficient data on bacteria partitioning fractions (27-29). However,
microorganisms move through the environment in both a planktonic state and attached to
suspended soil and organic particles (30-33). A lack of understanding of the mechanisms
of bacterial attachment to particles in eroded soil, stream-bottom sediments, and
suspended sediments leads to inaccuracy in modeling bacterial transport at the watershed
scale – and therefore to inaccurate TMDLs.
2.3 Attachment Definition
Broadly speaking, bacteria in waters can exist in two general states: free-floating
or particle-attached. Free floating bacteria could be planktonic single cells or part of a
microbial aggregate (34, 35). Attached bacteria are associated with a free-floating
mineral or organic particle and might also be immobilized, such as through the formation
of a biofilm or some other physical attachment to a surface. The effective prediction of
the fate and transport of bacteria through watersheds depends on the ability of our models
to represent these various states.
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Observations support the presence of microorganisms in both free-floating and
particle-attached states in streams.  For example, the fecal indicator bacteria in stream
bottom sediments have been reported as 10-10,000 times higher than in the overlying
water column (36, 37). Bacteria are also known to attach to metal or plastic solid
surfaces, such as those used in wastewater treatment plants and medical devices, through
the formation of biofilms (38-40). Bacterial attachment to sediment particles in a
watershed is a dynamic process affected by the bacterial properties, particle surface
properties, and environmental factors that regulate those properties (41). It has been
reported that bacteria attached to surfaces are more resistant to environmental stresses
such as ultraviolet radiation and antibiotics, influencing their survival and ultimate fate in
surface water systems (2, 42-45).
Bacteria are frequently found attached to or living in close association with
particle surfaces (30, 31). The mechanism of bacterial attachment in aquatic
environments was summarized by Fletcher (46) (Fig. 1). The book chapter stated that to
establish contact with the surface, bacteria first must overcome hydrodynamic boundary
layer and repulsive forces as they approach the surface. As the bacterium moves closer to
the surface (~10-20 nm, depending on pH, ionic strength, and the dominant ions in
solution), mainly repulsive electrostatic interactions occur since most often both the
bacterium and surface carry the same net charge. When the bacterium is ~2-10 nm from
the surface, both repulsive and attractive electrostatic interactions may occur
simultaneously since the bacterium and the particle can carry both positive and negative
charge at local sites. At shorter distances, water adsorbed at the surface can act as a
potential barrier for attachment, while hydrophobic functional groups at the cell surface
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may help reduce the barrier by displacing the layer of water. Once the bacterium
overcomes the hydrodynamic boundary layer and repulsive forces as they approach the
surface (<1 nm), a variety of chemical interactions, include ligand exchange reactions,
ion bridging, and van der Waals forces can promote attachment.
If the bacterium is not repelled by the surface, then bacterial attachment can be
divided into two categories: reversible attachment and irreversible attachment. Reversible
attachment refers to cells that are loosely attached via a single pole (flagella or pili).
Rotation of the single pole results in a spinning motion of the bacteria, and the bacterium
may readily detach and return to the planktonic phase. If bacteria attach to surface along
their long axis, the spinning motion decreases and polysaccharide expression increases,
making the attachment irreversible (47).  However, the irreversibility is conditional. For
example, in the development of a biofilm, bacteria reproduce after attaching to a surface
and some of the cells can then detach from the cluster (48). Furthermore, rod-shaped
bacteria can attach to the surface: 1) at one end by their polar flagella, 2) along their
length but still having slight Brownian movement, or 3) along their length but with no
mobility (49).
Significance of bacterial attachment in the environment
Microbe-particle interactions play an important role in predicting the movement
of microorganisms in waters.  For example in streams, stable populations of
microorganisms surviving and possibly multiplying in bottom sediments are resuspended
during storms, and they can contribute fecal indicators and pathogenic organisms to the
water column (42-50). Between 20 and 35% of fecal coliforms, E. coli, and enterococci
are associated with settleable particles (settleable being defined by a calibrated
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centrifugation technique), during normal flow conditions, and 30 to 55% during storms
(51). In the Neuse River Estuary an average of 38% of E. coli and enterococci in water
samples was associated with settleable particulates (52, 53), while more than 80% of
fecal indicators were associated with suspended sediments (defined as particles retained
by a 0.6 µm cellulose membrane) in the Chesapeake Bay (54). Field studies have shown
that most resuspension of bacteria and particles occurs during the rising limb of the storm
hydrograph (55), that the supply of E. coli available for resuspension regenerates between
storms (56) and that E. coli and turbidity are highly correlated during artificial floods
(57).
The lack of understanding about the mechanism driving microbe/particle
interactions has led to various assumptions in modeling environmental transport. Dorner
et al. (2006) assumed that data for the attached fraction of Cryptosporidium was
representative of all microorganisms, while Wu et al. (2009) assumed an invariant
attached fraction of 50% (58, 59). Disagreement also exists among the methods used to
mathematically represent bacterial attachment: Bai and Lung (2005) and more recently
Russo et al. (2011) assumed attachment occurs as a linear and reversible adsorption
process based on previous studies (60, 61), while Jamieson (2005a) argued that
irreversible adsorption is more representative of attachment in low-ionic strength
freshwater systems (62). Rehmann and Soupir (2009) initially assumed all E. coli were
attached to sediment particles to predict the fate and transport of microbes (50). However,
decreasing the attached fraction to 45% was one of several approaches that improved the
match between observed and predicted values.
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Measuring bacterial attachment in experimental contexts
Despite the need to quantify attached and unattached cells, a standard protocol to
distinguish between unattached and attached bacteria does not currently exist. During the
last decade, separation techniques such as settling, filtration and centrifugation have been
used for research purposes (33, 53, 63-66). Settling is a straightforward method to isolate
those cells attached to large particles, since they settle much faster than unattached,
suspended cells.  For example, with a simple estimation using Stoke’s Law, E. coli
attached to 63 to 125 μm quartz particles settled in 5 minutes (32).  Filtration allows
quantitative and hierarchical separation as particles of different sizes are retained via
sieving the suspension through membranes of a known pore size (67). Unattached
bacteria are those which pass a certain screen size, such as 8 μm (66) which is
comparable but larger than the typical size of an individual E. coli cell [1.1 to 1.5 μm in
width and 2 to 6 μm in length (68)]. Multiple-screen filtration separates suspended solids
into different particle sizes. In 2008, Soupir et al. utilized a series of screens and filters
(35 mesh screen, 230 mesh screen, 8 μm and 3 μm polycarbonate filters) to quantify the
percentage of attached E. coli cells in surface water runoff samples. Filtration has its
limitation, since the filtered solution contains not only unattached bacteria but also other
small colloidal particles and bioflocculated clumps of comparable size (29).
Another method to quantify sediment-attachment of bacteria is centrifugation (63,
69), which allows one to measure the concentration of unattached cells in the supernatant,
and calculate the attachment fraction by comparing with total concentration (29).
However, the difficulty of determining an appropriate centrifuge time and speed to
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separate unattached cells from sediment particles with attached cells is a major drawback,
especially when they have similar diameters (64).
The above techniques to distinguish between unattached and attached bacteria
have been used for several decades. However, in all the above methods, some time
consuming and labor intensive assessment of the total number of bacteria present is
needed to calculate the extent of attachment (e.g., the ratio of attached bacteria to total
bacteria). The attached and unattached fractions are typically assessed via plate counting
techniques, which involves serial dilutions and colony counting, or microscopic counting.
Furthermore, to disperse bacteria from sediment and organic matter particles, different
approaches have been applied to detach bacteria from particles. Chemical agents such as
Tween 85 and sodium pyrophosphate have been used to weaken the hydrogen bonding,
van der Waals, electrostatic, and chemical forces that tie cells and particles together (29,
70). Physical techniques may be used to mechanically disrupt the physical entrapment of
bacteria in small pores of particles. Physical disruption methods include blending, hand
or orbital shaking, sonication probe, or submerging the sample in an ultrasonic bath. The
traditional separation methods mentioned above have limitations in that they can cause
cell damage, even though bacteria die-off by filtration, Tween, and sonication is not
significant (66); they are also labor intensive because they require diluting, plating, and
colony counting.
A new method using flow cytometry was recently developed to distinguish
between unattached bacterial cells and those that are attached to small particles (71).
Flow cytometry is a technique used in particle counting and property analysis (72). The
particles which can be applied include microorganisms, nuclei, and latex beads (73). E.
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coli treated with a fluorescent nucleic acid stain can be distinguished from mineral
particles. After attaching to particles, E. coli cells have a larger side scatter signal, which
can be distinguished from the fluorescent signal of free E. coli. This method is limited in
its application to environmental samples because bacterial species cannot be easily
distinguished from each other. Fluorescent in-situ flow cytometry could be a potential
solution (74). And particles greater than 30 µm cannot be processed by the flow
cytometer.
2.4 Bacterial Properties Influencing Attachment
Physical structures expressed by bacteria and the chemical characteristics of the
microbial surface are both important factors influencing bacterial attachment (Figure 2).
In this section we discuss bacterial surface structures and compounds, including flagella,
fimbriae, outer member proteins (OMP), and polysaccharides. Surface features
expressed by a cell influence both the chemical and physical characteristics of that cell’s
surface. Such characteristics include hydrophobicity, surface charge and sphericity.
Bacterial surface structures
The contribution of microbial physical structures to attachment to mammalian
tissues has been well characterized (75-79). However, the role of these surface structures
in attachment to environmental particles is less understood given the truth that conflicted
results arose among studies. Figure 2 is a schematic summary of bacterial surface
structures and cell properties involved in attachment. The arrangement of surface
structures was modified from a previous study (80). Surface structures influence
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attachment not only through active motion (like flagella and pili), but also through
contributing to the cell surface chemical properties. Here we briefly summarize the
current state of the knowledge of the relationship between these surface structures and
attachment to abiotic surfaces.
Flagella
The most well-recognized bacterial surface feature is the flagella. These long,
flexible filaments can propel the bacterial cell through aqueous environments (81, 82),
with directional guidance provided by the chemotaxis system. Flagella are important for
motility of free-floating bacteria (83). Contrary to expectations, flagella have also been
shown to be important in the attachment process. Specifically, flagella are essential for
initiation of surface attachment to biofilms but not for further biofilm development (84).
The explanation for this is that the motility endowed by flagella increases the chance that
a bacterial cell will contact a surface. In natural water systems, bacteria might be actively
swimming toward sediment particles to initiate attachment rather than passively
depending on turbulent flow.
Generally, it is believed that flagella facilitate the initial interaction of the
bacterial cell with the surface to which it will attach (85). For example, in a study of the
attachment of Sphingomonas wittichii and E. coli to amorphous silica, Gutman et al.
(2013) found that motility is a critical factor in determining bacterial adhesion. They
proposed that flagella contribute to attachment via two possible mechanisms: overcoming
repulsive forces at the interface by movement of the flagella and improving distribution
of bacteria on the particle surface (86). However, it has been shown that flagella are not
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involved in attachment to some specific surface types, such as stainless steel (87). Thus,
flagella clearly play a role in bacterial adhesion at least to some types of surfaces.
Fimbriae
Fimbriae, also known as pili, are short, thin appendages (3-10 nanometers in
diameter, several micrometers in length) on bacterial cell surfaces. Unlike flagella, pili
are not generally involved in motility, but instead directly mediate attachment. While
only a few flagella are produced by any one cell, pili are typically concentrated on the
bacterial cell surface (78). Pili are well-studied in the context of pathogenesis, such as the
P pili of uropathogenic E. coli (76, 78, 79, 88). Pili contribute to pathogen-host
interaction in that the proteins at the end of the pili can bind to specific sugar subunits on
the host tissue. Curli fimbriae are distinct from standard fimbriae in that they have
amyloid characteristics (89). More than 20 different fimbriae types associated with E.coli
have been identified (90, 91).
It has been hypothesized that bacteria in the environment can attach to soil
particles through a similar recognition mechanism since abundant carbohydrates,
including both polysaccharides and monosaccharides, are present in soil (92). A number
of studies found that the most common fimbriae for E. coli, the type I fimbriae, is
necessary for adhesion to abiotic polymer surfaces, such as polystyrene (93, 94). Several
studies have also indicated that the curli fimbriae of E. coli can promote surface
interactions (94-96). One study has suggested that pili influence attachment by
contributing to the hydrophobic nature of the cell surface rather than by directly binding
to a specific surface receptor (97). Thus, it is clear at this time that at least some pili,
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fimbriae, and curli may contribute to bacterial attachment to abiotic surfaces, although
the mechanisms of this contribution remain largely uncharacterized.
Outer Membrane Proteins (OMPs)
Microbial cells contain various membranes composed mainly of lipid bilayers.
For some types of microbes, there is both an inner and an outer cell membrane. Both
types of membranes contain proteins. OMPs of bacteria such as E. coli make up
approximately half of the total outer membrane mass of the cell (98). The flagella and pili
described above are essentially multi-unit polymeric filaments that project beyond the
membrane. OMPs typically exist in a transmembrane form and consist of either
monomers or dimers. These OMPs usually have activity that is restricted to the
membrane, such as functioning as a transporter or part of a signal transduction system.
However, some OMPs have been implicated in the attachment process. For example, it
has been reported that expression of some OMPs, such as MipA and OmpX, could be
induced under sessile growth compared to planktonic growth (35), suggesting that these
OMPs might play an important role in growth while attached. Other studies have also
demonstrated the positive role of OMPs, such as OmpA and Ag43, in E. coli attachment
to abiotic surfaces (99, 100).
Polysaccharides
Lipopolysaccharides (LPS) are repeating sugar units attached to the cell surface
that can extend for tens of nanometers (101). These molecules have been shown to both
increase or decrease microbial adhesion to various surface types (e.g., TiO2, Al2O3, and
SiO2 model surfaces). For example, the O-antigens of some organisms promote hydrogen
bonding with some oxide surfaces (102), while in other cases the O-antigen portion of the
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LPS may shield charged functional groups at the cell surface and lead to significantly
reduced electrostatic interactions (103). Parikh and Chorover (2007) demonstrated that
the configuration of LPS components was strongly dependent on solution pH, ionic
strength, electrolyte composition, and phosphate groups in the LPS (104).
Extracellular polymeric substances (EPS) are high-molecular-mass compounds
secreted by microorganisms at the cell surface. While LPS are anchored to the cell
surface, EPS are not. EPS are mainly composed of polysaccharides and proteins, but may
also include other macro-molecules such as DNA and lipids (105). EPS play an important
role in cell aggregation, cell adhesion, biofilm formation, and protection of cells from
hostile environments (106, 107). Matthysse (2008) reported that polysaccharides
cellulose, colanic acid, and poly-β-1,6-N-acetyl-D-glucosamine (PGA) are essential for
optimal binding of E. coli to plastic surfaces and to alfalfa sprouts (108). Agladze et al.
(2005) claimed that EPS PGA is required for the initial attachment of E.coli to glass
surfaces (109).
Bacterial hydrophobicity, surface charge, cell size and sphericity
The hydrophobicity of a bacterial cell is influenced by the relative abundance of
hydrophilic and hydrophobic residues and structures on the cell surface (110). Li and
McLandsborough (1999) reported that of 22 E. coli O157 strains they tested, 9 were
moderately hydrophobic, four were strongly hydrophobic and four were strongly
hydrophilic (111). It has also been noted that hydrophobicity can vary by up to five-fold
with the growth stage of the bacterial cells (112). On the basis of literature data, Liu et al.
(2004) proposed a model of attachment which reflected a positive correlation between
hydrophobicity and attachment to both hydrophobic and hydrophilic support surfaces
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(113). However, other studies, such as Bolster et al. (2009) reported no correlation
between hydrophobicity and attachment of various E. coli strains to quartz (114).
The surface charge of a bacterial cell is the overall net charge carried by the cell.
This charge is influenced by the composition and abundance of the cell membranes and
surface structures (41). The majority of bacterial cells have a net negative charge. Li and
McLandsborough (1999) reported the surface charge of 22 E. coli isolates in 150 mmol
L-1 PBS buffer (pH 7.4) based on measurement of zeta potential, which ranges from −4.9
to −33.9 mV (111). Ukuku and Fett (2002) measured the surface charge of Salmonella, E.
coli and Listeria monocytogenes using an electrostatic interaction chromatography
(ESIC) column packed with an ion exchange resin and sodium phosphate buffer (pH 6.8).
They found that Salmonella saphra had the strongest negative charge, up to 50 times
more than E. coli (115). The surface charge can affect attachment to particles by repelling
similarly charged particles and by attracting particles with an opposite charge. Ukuku and
Fett (2002) also found a negative correlation between attachment to cantaloupe rind and
negative surface charge of Salmonella and E. coli (115). In the study of Rivas et al.
(2007), twenty E. coli strains were examined for their attachment ability to stainless steel
and no correlation was found with surface charge (87). Thus, the contribution of surface
charge to attachment may vary according to the surface in question.
The spatial distribution of positive and negative charges on the cell surface is
known as surface charge heterogeneity. Surface charge heterogeneity can decrease
electrostatic repulsion at the local scale and increase the rate of irreversible particle
attachments (116). Walker et al. (2005) approximated the change of charge heterogeneity
through the measurement of surface charge density. The chemical heterogeneity of the
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bacterial surface, i.e., the kinds and abundance of charged functional groups in surface
structures, is thought to change with cell growth phase (117).
Colloid-filtration theory (CFT) (Nelson and Ginn 2005) states that the attachment
rate of colloids to sediments is influenced by the size and shape of the colloid. Therefore,
if microbes are considered to be the colloids, then the size and shape of the bacteria
should influence the attachment rate. This size and shape can be influenced by the surface
structures, such as pili, flagella, and EPS. Bacteria have a large diversity in size and
shape. Typical bacterial cells are 0.5-5.0 micrometers in length. Shapes of bacteria
include spheres (such as Staphylococci and Pneumococci), rods (such as Pseudomonas
and Escherichia) and spirals (such as Leptospira and Treponema). It has been reported
that the deposition rate for bacteria in a quartz bed was correlated with cell width and
sphericity (114). Lutterodt et al. (2009) measured sphericity of six E. coli strains obtained
from soil from cattle farms and found that cell sphericity did not significantly correlate
with attachment to quartz (119). Moreover, no relation was found between attachment to
quartz and cell sphericity in a study of 54 E. coli strains mainly isolated from animals in a
zoo (120).
Bacterial growth phase and state
Actively growing microbial cells can differ dramatically from those in stationary
phase (117). These differences impact the cell surface structures, which can in turn alter
the cell surface properties that influence attachment. Therefore the bacterial growth phase
is an important variable when investigating attachment. For example, Walker et al.
(2005) found that the deposition rate of microbes onto quartz grains was 14 times greater
for stationary-phase cells than for mid-exponential phase cells. They also found that cells
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from these two growth phases had different charge densities (116). They argued that this
difference in charge density represents a more heterogeneous distribution of charged
functional groups on the surface of stationary-phase cells compared to the mid-
exponential cells (116). This difference in cell surface properties was responsible for the
difference in observed attachment.
Just as the cell surface properties can be significantly affected by the growth
phase, these properties are also influenced by whether or not the cell is in the attached
state. Properties such as hydrophobicity, surface charge, type of OMPs, and the
expression of surface structures can differ between cells grown in an attached and
planktonic mode (34, 35, 121). For example, Tremoulet et al. (2002) found increased
expression of transporters on the cell surface when E. coli O157:H7 was grown in an
attached mode using proteomic analysis (121). Thus the mode of growth can influence
attachment through changes in cellular physiology. Using epifluorescence microscopy
Rivas et al. (2007) tested the attachment ability of 20 E. coli strains to stainless steel
surface after growing in planktonic (broth) and sessile (agar) culture. They found that
some isolates of E. coli exhibited a greater ability for attachment following sessile
growth, other isolates showed higher attachment ability following planktonic growth, and
the rest of the isolates showed no signiﬁcant difference in attachment abilities under the
two different growth modes (87).
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2.5 Particle Properties: Size; Surface Charge and Charge Density; Organic Matter
Concentration; Surface Area; Hydrophobicity
There are many different particles in the aquatic environment. They include but
are not limited to silicates, layer silicates, calcium carbonate, oxides and oxyhydroxides,
humified colloids, and particulate organic matter. Previous research has demonstrated
that particle size plays an important role in bacterial attachment. For example, the
fraction of bacteria attached to particles is typically negatively correlated with particle
size (122-126). In urban storm water runoff, fecal indicator bacteria were adsorbed
predominantly to clay particles (<2 µm) (Muirhead et al. 2006). Bacteria are more likely
to attach to small particles, partially because they have greater surface area available for
attachment than larger particles with same mass and density (128).
Particle surface charge and hydrophobicity are often reported to be important
factors impacting the transport of particle-attached bacteria through porous media (129,
130), although in some studies these characteristics have been found to not be
significantly correlated with bacterial attachment (114). Over a wide range of pH values,
both bacteria and silicate particles such as smectites or quartz have a net negative charge,
and so charge-based attachment is likely to be retarded. However, even layer silicates
have some uncharged and positively charged sites (6). Bacteria with a net negative charge
may thereby be attached to local sites on the mineral surface that carry a positive charge
(e.g., at broken particle edges) (114). Since the total area of positively charged sites is
much smaller than the overall surface area of layer silicates, the attachment will occur
only at low surface coverage (131). Furthermore, such electrostatic forces combined with
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London dispersion forces can overcome the dominant electrostatic repulsion of bacteria
and negatively charged sites on mineral particles (132).
A study by Scholl et al. (1990) found that negatively charged bacteria were more
likely to attach to positively charged surfaces, such as calcite, than to negatively charged
surfaces, such as clean quartz. Bacterial attachment is enhanced significantly in the
presence of Fe-oxide and other metal-oxide coated because of increased abundance of
positively charged sites (133), which can be explained by the concept of point of zero
charge (pzc). The research from Hendershot et al. (1983) demonstrated that after coating
with Al or Fe sesquioxide, the pzc of mineral surface increased (134). Thus at the same
pH, the surface of Al or Fe sesquioxide coating mineral would have more positively
charged sites than the uncoated mineral surface.
Particle hydrophobicity is a physical property that causes nonpolar substances to
aggregate in aqueous solution and exclude water molecules. In aquatic environments, it is
related to the surface Gibbs energy and the Van der Waals interaction between particles
or between particles and bacteria (135). Bacterial attachment to environmental particles is
also enhanced by surface hydrophobicity of the particles (133, 136-142).
Both dissolved natural organic matter (DOM) and sediment organic matter (SOM)
can affect bacterial attachment. For instance, it has been shown that E. coli survival in
water bodies can increase after attaching to mineral aggregates with high sediment
organic matter concentration (143). However, under typical environmental pH, organic
matter carries a net negative charge. Thus DOM could diminish bacterial attachment by
sorption to the bacterial surface, increasing the net negative charge at the bacterial surface
and increasing repulsion between bacteria and negatively charged particles (137).
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2.6 Environmental Factors: Ionic Strength, Temperature, pH
In natural aqueous systems, bacteria attach to particle surfaces that are bathed by
solutions in which ionic strengths may vary seasonally or in response to storms or
flooding. When the ionic strength increases, the number of attached cells per unit area
increases which can be explained by Brownian interactions between the bacterial surface
and the particle surface (144) increases. As mentioned, under typical conditions (e.g., pH
7), both bacteria and some particle surfaces are negatively charged (6). There are two
opposite interactions: electrostatic repulsion and van der Waals attraction due to London
dispersion forces. Whether or not bacteria attach to a surface depends on which
interaction dominates (144). Because of their size and surface polymers, bacteria can be
treated as soft colloidal particles, with lower surface electric potential than smooth
colloidal particles (145). The low surface potential may reduce electrostatic repulsion
between bacteria and particle surfaces, and the repulsion is further reduced as ionic
strength increases (>100 mmol L-1). According to Derjaguin-Landaul-Verwey-Overbeek
(DLVO) theory, the thickness of the electrical double layer of both particles and bacteria
should decrease as the ionic strength increases, promoting the close approach of bacteria
to particle surfaces (146). For example, the E. coli strain S17 showed a lower negative
electrophoretic mobility as ionic strength increased from 1 to 1000 mmol L-1 (147).
Temperature also has an impact on bacterial attachment by impacting cell
properties and surface structures. E. coli O157:H7 grown in a nutrient rich medium at
15˚C to the stationary phase showed less attachment to abiotic surfaces such as stainless
steel, pure titanium, glass, and plastic than those grown at 25˚C and 37˚C (Tsuji and
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Yokoigawa 2012). The possible reason could be E. coli cells grown at lower temperatures
tend to have high motility which may suppress attachment (149). Moreover, the
temperature shift from 25 ˚C to 4 ˚C during growth had a negative impact on attachment
to polystyrene surfaces because temperature shifts could induce alterations in the
bacterial surface properties which could reduce attachment (150).
In addition to ionic strength and temperature, bacterial attachment can also be
influenced by pH. Environmental pH influences cell surface charge: when the
environmental pH is lower than the pzc of the bacteria or particle, the surface would carry
more positively charged sites while the surface would carry more negatively charged sites
when the environmental pH is higher than the pzc.
2.7 Concluding Remarks
Bacteria-particle attachment is a complex process involving numerous factors.
While some bacterial and particle properties play major roles in the attachment process,
others may play minor ones. There is extensive scientific literature addressing this topic,
but also conflicting conclusions. One reason for the apparent conflicting information is
that the factors affecting attachment also affect one another. For this reason, the
experimental design of research studies is complicated. To obtain reliable and valuable
results, more systematic and standardized methods need to be applied. Another reason for
apparent conflicts may be that limited strains of representative bacteria have been studied
at one time, leading to a lack of diversity in terms of genotype. It has also been noted that
some studies have been conducted with unrealistic conditions of pH or ionic strength and
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with model particles that do not always reflect the heterogeneity of environmental
surfaces. Future work needs to focus on the mechanisms and extent of interactions among
the different factors that contribute to attachment.
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Figures
FIGURE 1. Schematic summary of bacterial properties relate to attachment to surfaces. Surface structures influence attachment not
only through active motion (like flagella and pili), but also through contributing to the cell surface chemical properties. Bacteria
surface structure is also variable over different growth phases and states.
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FIGURE 2. Schematic summary of bacterial properties relate to attachment to surfaces. Surface structures influence attachment not
only through active motion (like flagella and pili), but also through contributing to the cell surface chemical properties. Bacteria
surface structure is also variable when in different growth phase and state.
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CHAPTER 3. DIVERSITY IN PROPERTIES OF ESCHERICHIA COLI
OBTAINED FROM STREAM WATER AND SEDIMENT
A manuscript submitted to Applied Environmental Microbiology
X. Liang, C. Liao, M.L. Thompson, M. L. Soupir, L. R. Jarboe, P. M. Dixon
Abstract
E. coli is an important water quality indicator in fresh water systems but little is
known regarding E. coli cell properties in different environmental habitats. Here we
investigate the variation in characteristics of E. coli obtained from stream water and
stream bottom sediments. Four hundred E. coli strains were collected and analyzed by a
rep-PCR technique and of these, 44 sediment and 33 water E. coli strains were considered
genomically different from one another (similarity<90%). Cell properties including
hydrophobicity, zeta potential, net charge, total acidity and extracellular polymeric
substance (EPS) composition were measured for each selected strain under common
stream conditions in the Upper Midwestern United States: pH 8, ionic strength 10mM
and 22˚C. Our results indicate that stream sediment E. coli had significantly greater
hydrophobicity (p-value = 0.005), greater extracellular polymeric substance (EPS)
protein content (p-value = 0.006) and EPS sugar content (p-value=0.036), less negative
net charge (p-value = 0.026), and higher point of zero charge (p-value=0.009) than
stream water E. coli. A significant positive correlation was observed between
hydrophobicity and EPS protein for stream sediment E. coli (r = 0.407, p-
value=1.274×10-4) but not for stream water E. coli (r = -0.103 with p-value = 0.416).
Additionally E. coli surviving in the same habitat tended to have significantly larger
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(GTG)5 genome similarity (p-value = 0.002). When eliminating the intrinsic impact from
the genome, environmental habitat was determined to be a regulating factor in some cell
properties such as hydrophobicity. The diversity of cell properties and resulting impact
on particle interactions should be considered for environmental fate and transport
modeling of aquatic indicator organisms such as E. coli.
3.1 Introduction
Escherichia coli (E. coli) are Gram-negative, rod-shaped bacteria, which are
commonly found in the lower intestine of warm-blooded animals. Although most
subspecies of E. coli are not pathogenic, E. coli are recommended as the fecal indicator
bacteria for detection of potential pathogen contamination in fresh waters (1, 2).
Currently, elevated levels of E. coli are the leading cause of water quality impairments in
rivers and streams in the United States (3). Therefore, improved understanding of E. coli
characteristics and behavior in the environment is needed for predicting its fate and
transport and to support the development of meaningful plans to reduce bacterial
contamination of waters.
Recent studies have indicated that there is high diversity of E. coli isolates in the
environment (4-6). This strain level diversity could be attributed to differences in both
genotype and phenotype, and therefore this diversity likely impacts the fate and transport
of E. coli bacteria. Moreover, bacterial survival and growth is a dynamic process affected
by bacterial surface properties, such as extracellular polymeric substances (EPS),
hydrophobicity, and net charge; both genomic and environmental factors regulate those
52
properties (7). Under typical environmental pH of streams in the Upper Midwestern
United States (6-8), E. coli surfaces are negatively charged due to the dissociation of
carboxyl and phosphate groups in the peptidoglycan and lipopolysaccharides that
compose the cell walls (7). While the surface charge of bacteria is still highly
environment-dependent (8), surface charge can impact the bacterial state in the aqueous
environment by repulsion of similarly charged particulates and by attraction of
particulates with an opposite charge (5, 9).
The hydrophobicity of a bacterial cell can differ among strains because it is
determined by functional groups of both residues and structures on the surface of the cell,
which can be either hydrophilic or hydrophobic (10). Increased culturing time to the
stationary phase may reduce cell surface hydrophobicity, while the carbon concentration
of the growth medium could positively impact hydrophobicity. Such impacts are partially
due to the effects of culture conditions on lipid composition, which in turn affects the cell
surface hydrophobicity (11). Moreover, the presence of divalent cations, such as Ca2+ and
Mg2+, could increase bacterial hydrophobicity (12), since the cations principally attach to
the hydrophobic fraction of proteins on the bacterial surface and decrease the
hydrophilicity (13-15).
Extracellular polymeric substances (EPS) are high-molecular-mass compounds
secreted by microorganisms at the outer cell surface(16). They are mainly composed of
polysaccharides and proteins, but they may also include other macromolecules such as
DNA, lipids, and humic-like substances. EPS contributes to the overall heterogeneity of
bacterial surface (17, 18) and EPS plays an important role in cell aggregation, cell
adhesion, and protection of cells from hostile environments (19, 20). For example, the
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formation of biofilms in stream bottom sediments requires involvement of EPS (21). The
sugar/protein ratio of EPS has been positively correlated with the cell surface charge (22).
Bolster et al. (5) reported that EPS production mostly occurred in the late growth phase of
bacteria, and Shin et al. (22) showed that the EPS sugar/protein ratio may change
dramatically as culturing time increases. Moreover, EPS structure has been found to
become more compact as environmental pH decreases (19).
Current water quality assessment techniques are based on environmental
sampling, for which only the freely suspended populations of fecal indicator bacteria are
collected (23, 24); this procedure does not assess microbial contamination of stream-
bottom sediments. However, previous research has indicated that after entering surface
waters, microorganisms often partition into either the planktonic state or they attach to
suspended soil and organic particles (25-28). The populations of bacteria surviving in
bottom sediments are protected from ultraviolet radiation (29, 30), resulting in an
extended survival time. When stream bottom sediments are disturbed during changes in
flow, there is increasing likelihood of resuspension back into the water column.
Therefore, improved understanding of the properties of sediment-associated E. coli is
critically important for understanding bacterial fate in the environment.
An assessment of the variation of E. coli cell properties in different environments
(stream bottom sediments versus the overlying water column) is needed to better
understand environmental fate and transport. In this study, we divided the potential
impacts on bacterial surface properties into two parts: genomic impact (intrinsic) and
environmental impact (extrinsic). The overall goal was to determine if differences in
environmental E. coli cell surface properties are due primarily to extrinsic or intrinsic
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properties, or an interaction of these two. To assess the potential impacts, four hundred E.
coli strains were collected and Rep-PCR was used to reduce the isolate collection to 77
genomically distinct E. coli strains. Cell properties assessed included hydrophobicity,
zeta potential, net charge, total acidity, and EPS composition (protein and sugar).  The
objectives of our study were: 1) to compare bacterial properties between E. coli isolated
from two environmental habitats, stream sediments and stream water; 2) to determine the
potential correlations among bacterial surface properties within each environmental
habitat and compare the correlations obtained from different environmental habitat; 3) to
explore the relationship between genomic similarity with environmental habitat; and 4) to
investigate bacterial surface properties as a function of environmental impact (extrinsic
impact), regardless of genomic similarity (intrinsic impact).
3. 2 Materials and Methods
To investigate the potential impacts from intrinsic genomic and extrinsic
environmental aspects, E. coli strains collected from two environmental habitats were
studied. For each E. coli strain, selected bacterial surface properties were measured:
hydrophobicity, zeta potential, net charge, total acidity, and EPS composition by
extraction and colorimetric techniques. Genome similarities were analyzed for each pair
of E. coli strains.
E. coli sampling and analysis
Stream sediment and water were collected 6 times from two locations along
Squaw Creek in Ames, IA, in 2012 and 2013: Cameron School Road (latitude 42.0707,
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longitude -93.6728), and Brookside Park (latitude 42.0290, longitude -93.6288).  Water
samples were collected by lowering a horizontal polycarbonate water bottle sampler (2.2
L, Forestry Suppliers Inc., Mississippi, U.S.) from a bridge into the center of the creek at
both of the locations. Sediment samples were collected from the top 2-3 cm of the
streambed using a shallow water bottom dredge sampler (15 cm×15 cm opening, Forestry
Suppliers Inc., Mississippi, U.S.) at the same location as the water samples were
collected. Immediately after collection, samples were placed on ice. The sediment-
associated E. coli were detached by stirring a mixture of sediment and deionized water
(ratio 1:1) for 15 min at approximately 200 rpm using a magnetic stir bar. One mL of the
resulting sediment solution was filtered through a 0.45-μm cellulose filter paper (EMD
Millipore; Pittsburg, PA). E. coli strains were incubated on the filter paper using modified
mTEC agar plates (31). One single colony was selected from each agar plate and the
plate-sticking method was applied to ensure that the selected colony was formed by only
one E. coli strain. Two hundred strains were isolated from the stream sediment. Each
100-mL water sample was filtered through a 0.45-μm filter paper, and another 200 strains
were obtained from the water samples. After isolation, the strains were inoculated in
Luria-Bertani liquid media (BD Biosciences; San Jose, CA), grown to the stationary
phase, and stored at -80˚C in 15% glycerol.
Computer-assisted rep-PCR DNA fingerprint analysis
Rep-PCR was performed as described by Rademaker and de Bruijn (32)) with
(GTG)5 (the sequence of 5’-GTGGTGGTGGTGGTG-3’) as primer (33-35). Briefly, the
PCR reaction contained 12.5 μL PCR-master- mix (2X, Qiagen), 10 μL primer (50 pmol)
and 2.5 μL water for a total volume of 25 μL. A small fraction of a fresh E. coli colony
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was transferred to the PCR mixture as the template by using a 1-μL loop. PCR was
conducted in a C1000 Thermal Cycler (Bio-Rad, Hercules, CA). The thermo cycler
program was set for an initial denaturation at 95°C for 2 min, 32 cycles of denaturation
(94°C for 3 sec and 92°C for 30 sec), annealing (40°C for 1 min) and extension (65°C for
8 min), then a final extension at 65 °C for 8 min. Then 10 μl of resulting PCR products
and 2 μL of 6X loading dye mixture (Life Technology, Grand Island, NY) were loaded
onto 1.5% agarose gel, electrophoresis was applied at 4°C and 80 V for 13.5 hours, and
the sample was stained for 20 minutes in TAE solution containing 0.5 μg mL-1 ethidium
bromide. Gel pictures were captured with a Molecular Imager ChemiDoc (Bio-Rad,
Hercules, CA).
The resulting gel image files were imported into Bionumerics (version 7.1,
Applied Maths, Kortrijk, Belgium) for normalization, band identification, and cluster
analysis. The 1Kb Plus DNA ladder (Life Technology, Grand Island, NY) was loaded
into every tenth well and was used as an external control for normalization. Bands of
more than 5000 bp and less than 300 bp were eliminated from analysis to avoid false
clustering. Similarity coefficients for each strain pair were generated for Bionumerics
programming by Pearson’s correlation method with a band matching tolerance of 0.5%,
and an optimization value of 0.5% (36). The technique of unweighted pair groups with
mathematical averages (UPGMA) was used for clustering and generating the
dendrogram. Strains with similarity less than 90% were considered genomically different.
Meanwhile E. coli- (GTG)5 genomic similarity matrix was also obtained from
Bionumerics.
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Genomically different E. coli strains were selected and inoculated in M9 broth
(minimal media) with 0.4% (w/w) glucose at 37˚C and incubated to early stationary
phase (OD600=1.0-1.5). To harvest the cells, E. coli were centrifuged for 15 min at 4,000
rpm/1878 ×g (Centrifuge 5430R with Rotor F-35-6-30, Eppendorf, Hauppauge, NY) at
4˚C. The supernatant was discarded, and the cell pellet was used for property analysis.
Cell Properties
The microbial adhesion to hydrocarbon (MATH) method was employed to
estimate the hydrophobicity of the E. coli strains (37, 38).  Briefly, the cell pellet was
resuspended in 4 mL of deionized water. The OD546 of the cell suspension (initial
OD546) was measured by spectrophotometer (HACH, Loveland, CO). Then the cell
suspension was transferred to individual glass test tubes (1.7 cm in diameter, 15 cm in
length), each of which contained 1 mL of dodecane (99%, Fisher Scientific, Fair Lawn,
NJ). The test tubes were vortexed (Fisher Scientific, Fair Lawn, NJ) at full speed for 2
min and then left vertically for 15 min for phase separation. The OD546 of the aqueous
phase was determined and hydrophobic partitioning of the bacterial suspension was
calculated by using this equation from Pembrey et al. 1999: hydrophobic partitioning =
(initial OD546 - OD546 of aqueous phase)/ initial OD546. The analysis was performed in
triplicate.
Zeta potential measurements were performed at room temperature using a
Zetasizer Nano-ZS. To mimic typical stream environments of the Upper Midwestern
United States, a solution of CaCO3 was prepared by diluting saturated CaCO3 solution to
pH 8 and an ionic strength of 10 mmol L-1. The ionic strength of the CaCO3 solution was
estimated by electrical conductivity (Equation S1), which was measured by conductivity
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meter (Fisher Scientific, Fair Lawn, NJ). The E. coli cell pellet was washed twice with
CaCO3 solution then suspended in CaCO3 solution to OD600=0.1. The resulting
suspension was poured into a disposable capillary cell (DTS1070). Each measurement
had 12 runs; a delay time of 10 seconds was used between each run to avoid Joule
heating of the sample. Between each measurement, disposable capillary cells were rinsed
by CaCO3 buffer, followed by the test bacterial suspension. The average and standard
deviation of 12 runs were given by the software output.
Potentiometric titration of E. coli cells was conducted to measure the acidity of
the bacterial surface. The harvested cell pellet was suspended in CaCO3 solution (pH=8,
ionic strength of 10 mmol L-1) to obtain an approximate concentration of 109 cells mL-1.
The concentration of E. coli cells in the suspension was determined by cellometer (Auto
M10, Nexcelom Bioscience LLC, Lawrence, MA). Then the solution pH was adjusted to
4 by addition of 0.01 mol L-1 HCl. Next, the E. coli suspension was purged with nitrogen
gas for 1 hour to remove dissolved carbon dioxide (18), and then it was titrated with
NaOH (0.01 mol L-1) from pH 4 to 10 using a titrator (Titrette, BrandTech Scientific,
Essex, CT). A blank titration with CaCO3 solution without E. coli was run separately.
The number of moles of deprotonated sites was calculated as described by Fein et al.
(2005):
[H+]net charge per cell =((CA-CB-[H+]-[OH-])sample-(CA-CB-[H+]-[OH-])blank)/Nbact
where Nbact is the total number of bacterial cells per mL of solution obtained by the
cellometer; CA and CB are the concentrations (in mol L-1) of acid and base (including
initial amounts of acid or base added to the suspension prior to the titration); [H+] and
[OH-] are the concentrations of H+ and OH-, calculated from the measured pH. The net
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charge was determined as the difference of charge between the E. coli suspension sample
and the blank. The total acidity was obtained by subtracting the net charge at pH 10 from
the net charge at pH 4. The surface charge at pH 8 and the point of zero charge (PZC)
were also points of interest. The sample analyses were performed in duplicate while the
blank solutions were titrated in triplicate and averaged. Figure 1 shows an example of the
potentiometric titration curve to demonstrate the useful information which can be
obtained from this measurement.
The EPS, specifically the total protein and the polysaccharide content, was
determined by an extraction method (39). Briefly, E. coli cells were incubated on a 0.45-
μm filter membrane on multiple mTEC agars overnight at 37˚C to obtain the total amount
of E. coli cell within the range of 3×1010 cells/ml to 6×1010 cells, and then the membrane
was placed in 30 mL of 0.85% (w/v) NaCl solution. The E. coli concentration was
measured by cellometer. After centrifugation at 16,300×g for 30 min at 4˚C, the
supernatant was filtered through a 0.45-μm filter. The filtrate was then added to 90 mL of
ice-cold 100% ethanol and incubated at -20˚C for 24 h. Finally, the EPS pellet was
harvested by centrifugation at 16,300×g for 30 min at 4˚C and air-dried in a fume hood.
The analysis of EPS protein was conducted using the Lowry method (40), which is a
spectrometric method based on measurement at a wavelength of 500 nm using bovine
serum albumin (Sigma-Aldrich, St. Louis, MO) as the standard. The EPS sugar was
analyzed by the phenol-sulfuric acid method, which is based on measurement at a
wavelength of 488 nm using xanthan gum as the standard (41, 42).
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Data analyses
Statistical analysis of data was performed using R project software (ver. 3.1.3,
Institute from Statistics and Mathematics, Vienna University of Economics and Business,
Vienna, Austria). The nonparametric Wilcoxon signed-rank test was used to determine if
any of the properties varied between sediment E. coli strains and water E. coli strains. To
investigate the correlation between any two E. coli properties, the Kendall-tau correlation
method and the LOESS-smoothing method were applied. The Mantel test was conducted
to determine the correlation between E. coli- (GTG)5 genomic similarity and
environmental habitat (stream bottom sediments or overlying water). In this method, the
statistic indicates the correlation between two matrices: one matrix contained estimates of
genomic similarity between all possible pairs of strains, while the other contains the
habitat similarity between all possible pairs (0 for different environmental habitats, 1 for
the same environmental habitat). Moreover, the method of phylogenetic generalized least
squares was employed to explore the environmental habitat impact on bacterial
properties, by excluding the potential impact from genomic similarity. Phylogenetic
methods are used in the analysis of interspecies data because species are non-independent
for the purposes of statistical analysis (43). When applying the method of phylogenetic
generalized least squares analysis (R package ‘pGLS’), one bacterial property was
considered as the response (Y), environmental habitat was considered as the binary
predictor (X), and similarity matrix was considered as the variance-covariance matrix.
The method uses a variance-covariance matrix to weight the predictors (44).
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3.3 Results and Discussion
E. coli strain selection and dendrogram
By computer-assisted rep-PCR DNA fingerprint analysis, 45 sediment strains
(22.5% of 200 strains) and 33 water strains (16.5% of 200 strains) were considered
genomically distinct on the basis of the 90% similarity criterion. Figure 2 shows the
dendrogram of these 78 selected strains with similarities of rep-PCR fingerprint, while
Figure S1 shows the dendrogram of the electrophoresis image. There was no obvious
cluster pattern for E. coli-(GTG)5 genomic profiles of strains from the same
environmental habitat (stream water or sediment). Note that one sediment strain (strain
No. 122) had insufficient growth in M9 broth to proceed, so further analyses were based
on 44 sediment strains and 33 water strains.
E. coli property comparison between two environmental habitats
Although each E. coli strain was subjected to the same storage and growth
conditions, diversities in properties of E. coli derived from stream water and sediment
were observed. Hydrophobicity, as measured by the MATH assay, ranged from 0.01 to
0.90. Zeta potential ranged from -6.76 mV to -39.87 mV.  Total EPS protein content
ranged from 0.30 to 0.86 μg/108 cells, while total sugar content of EPS ranged from 0.80
to 1.74 μg/108 cells. The EPS protein/sugar ratio ranged from 0.07 to 8.78. Net charge at
pH 8 varied from -2.48×10-4 to 1.60×10-5 meq/108 cells. Variation was also observed in
the total acidity and point of zero charge. Figure 3 shows the boxplots of property results
analyzed for sediment E. coli strains and water E. coli considered separately.
Statistically significant differences in cell properties were observed between
stream sediment E. coli and water E. coli in many cases (Figure 3). For example,
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according to the Wilcoxon test, hydrophobicity of sediment E. coli was significantly
greater than hydrophobicity of water E. coli (p-value=0.005). Similarly, sediment E. coli
had greater EPS protein content (p-value=0.006) and sugar content (p-value=0.036), less
negative net charge (p-value=0.026), and higher point of zero charge (p-value=0.009)
than stream water E. coli. Cell surface hydrophobicity of sediment E. coli strains was
also shown to be greater than that of water E. coli, consistent with the report of Stenstrom
(45) and Zita and Hermansson (46), who reported that higher hydrophobicity coincided
with greater adhesion to mineral particles in water and sludge flocs in sludge liquor from
wastewater treatment plan.
The zeta potential of suspended E. coli cells reflects the electrokinectic potential
of the cells. Colloid stability (i. e, the likelihood that cells will not coagulate with one
another) will increase as the absolute value of the zeta potential increases. Previous
studies have indicated that zeta potential ranged from -4.9 to -29 mV for 280 different E.
coli strains (47), which is consistent with the range of our results. In our study, there was
no significant difference between zeta potentials measured for sediment E. coli strains
and water E. coli strains. Previous research has found no clear correlation between the
electrophoretic mobility of bacterial cells and their adhesion to negatively charged
polystyrene surface (48) and quartz particles (5).
Our results also indicated that stream sediment E. coli strains had significantly
higher EPS protein and sugar content than stream water strains, perhaps because cell
adhesion and biofilm formation require EPS (19, 20). The EPS protein/sugar ratio can be
dramatically impacted by environmental pH (19), culturing time (22), culturing medium
and extraction method (21, 49). However, while the absolute values of EPS protein and
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sugar contents differed between the two habitats, no significant difference in the EPS
protein/sugar ratio was observed in our study.
Moreover, the net charge at pH 8 of stream sediment E. coli was significantly less
negative than the net charge of water E. coli. While E. coli cells in both water and
sediment carry an overall negative surface charge at pH 8, those strains living in water
are likely to have a greater repulsion from negatively charged sediment surfaces (5, 9).
The more negatively charged cell surfaces would also have a lower point of zero charge,
as was indicated in our results.
E. coli property correlations
Pair-wise correlations between the different cell properties measured in this study
were generally low and not statistically significant when analyzed for all 77 E. coli
strains (Table 1). Of the statistically significant correlations observed in this study, some
were between properties which had shared parameters or measurements so the
correlations were artificially inflated. Such correlations include: the EPS protein/sugar
ratio with EPS protein and EPS sugar, net charge with acidity, and net charge with point
of zero charge. One meaningful correlation between cell properties is the strong positive
correlation between hydrophobicity and EPS protein content (r (correlation coefficient)
=0.283; p-value=3.914×10-4). However, the correlation between hydrophobicity and the
EPS protein was not the same for stream sediment E. coli and water E. coli. Using
scatterplots with smoothing curves, histograms of each property, and the results from the
Kendall-tau correlation method, Fig. 4 shows the correlations between E. coli
hydrophobicity and EPS protein content for stream sediment E. coli and water E. coli,
respectively. For sediment E. coli, there was significant positive correlation (r=0.407, p-
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value=1.274×10-4) between hydrophobicity and the EPS protein; while for water E. coli,
no significant correlation was observed (r=-0.103 with p-value=0.416). Previous research
has found that hydrophobic components of EPS are mainly comprised of proteins (13,
50). Additional studies to characterize EPS proteins associated with the two groups of E.
coli would be helpful to determine the mechanisms behind these observations.
By definition, surface charge and zeta potential are related. However, our results
indicate only a very weak correlation between net charge and zeta potential with r=0.008
with p-value=0.316. Thus our results may temper the conclusions of some previous
research in which zeta potential has been used to estimate surface charge (51, 52).
Correlation between genomic similarity with environmental habitat
To explore possible relationships between E. coli-(GTG)5 genomic similarity and
environmental habitat (stream sediment or water), the Mantel test was applied. The
results showed a significantly positive correlation between genomic similarity and
environmental habitat (r = 0.063; p-value = 0.002). This finding indicates that genomic
similarity was larger for any two E. coli strains derived from the same environmental
habitats.
E. coli property comparison integrating phylogenetic correlation
The E. coli-(GTG)5 genomic similarity matrix can  be interpreted as a
phylogenetic correlation matrix. Although some differences in cell surface properties of
the E. coli strains were indicated by the Wilcoxon-test results, it is difficult to interpret if
the differences were due primarily to environmental habitat (extrinsic), genomic
similarity (intrinsic), or an interaction of these two. To address this question,
phylogenetic generalized least square method was employed to explore the impact of
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environmental habitat on bacterial properties, while excluding potential impacts from
genomic similarity. The results indicate that some bacterial properties were significantly
regulated by environmental habitat: e.g., E. coli strains occurring in stream sediments
were more likely to have higher hydrophobicity (p-value = 2.935×10-7), EPS sugar
content (p-value = 3.953×10-3), net charge (p-value=3.414×10-4), and point of zero charge
(p-value=6.165×10-8), but lower acidity (p-value= 0.016) when compared to E. coli
strains suspended in the water column .
3.4 Conclusion
Previous studies have been unable to determine if differences in environmental E.
coli cell surface properties and genomic variation residing in different environmental
habitats (stream bottom sediments versus overlying water) are due primarily to
environmental habitat (extrinsic), genomic similarity (intrinsic), or an interaction of these
two. Below is a summary of the major conclusions:
 Statistically significant differences in cell properties were observed between
stream sediment E. coli and water E. coli; most notably, sediment E. coli had
significantly greater hydrophobicity, EPS protein content, and EPS sugar content;
less negative net charge; and higher point of zero charge when compared to water
E. coli.
 Hydrophobicity and the EPS protein were positively correlated for stream
sediment E. coli but not for water E. coli.
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 Genomic similarity was greater for any two E. coli strains derived from the same
environmental habitat.
 When the impacts of genomic similarity were accounted for, the impact of
environmental habitat on hydrophobicity, EPS sugar, net charge, point of zero
charge, and acidity was significantly among the strains, indicating that habitat was
a regulating factor for expression of these properties.
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Tables
TABLE 1. Correlation coefficient matrix for cell properties for all E. coli strains (n=77) obtained from Kendall-tau correlation
method. Statistically significant (p≤0.001) are in italic and bold.
Hydrophobicity Zeta potential EPS
protein
EPS
sugar
Ratio (EPS
protein/sugar)
Net charge
at pH 8
Acidity
Zeta potential -0.047
EPS protein 0.283 -0.179
EPS sugar -0.060 -0.177 0.095
Ratio (EPS protein/sugar) 0.203 -0.016 0.403 -0.522
Net charge at pH 8 0.131 0.078 0.035 -0.141 0.066
Acidity 0.016 -0.085 0.148 0.064 0.078 -0.540
Point of Zero Charge 0.237 0.075 0.149 -0.121 0.136 0.403 -0.170
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Figures
FIGURE 1. Potentiometric titration curve example from strain number 53. Three pieces of information can be obtained from the
curve: 1. Point of zero charge of E. coli strain; 2. Net charge at pH 8 carried by E. coli; 3. Total acidity of E. coli strain.
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FIGURE 2. The dendrogram shows the percent similarity for 78 selected strains with
similarity less than 90%, based on a UPGMA cluster analysis. Strains 1-200 (italic and bold)
were collected from stream sediment; while 201-400 were collected from stream water.
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FIGURE 3. Boxplots of property results from stream sediment E. coli and stream water E. coli.
1.  Within each subplot, values with the same letter are not different at the significant level. The difference is determined by a
Wilcoxon test with significance level set at α=0.05. 2. Each plot show five numerical values: the smallest observation (Q1), 25%
quartile (Q2, low boundary of box), median (Q3, the band near the middle of box), 75% quartile (Q4, high boundary of box), and
largest observation (Q5=Q4+1.5(Q4-Q1), the high end of the whisker). Outliers, if any, are indicated by dots
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FIGURE 4. Correlation between E. coli hydrophobicity and EPS protein content for (a)
sediment E. coli strains and (b) water E. coli strains. The upper panels show the
correlation coefficient r with associated p-value analyzed by Kendall-tau method; the
diagonal panels show histograms of each property; the lower panels are scatterplots with
the smoothing curves using the Lowess method.
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SUPPLEMENTARY DATA
FIGURE S1. The dendrogram shows the percent similarity of rep-PCR fingerprint
banding patterns for 78 strains with similarity smaller than 90%, based on UPGMA
cluster analysis. Strains 1-200 (italic and bold) were collected from stream sediment;
while 201 -400 were collected from stream water.
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EQUATION S1:
Ionic strength (in mmol L-1) ≈0.015× Electrical conductivity (in μs/cm)
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CHAPTER 4. GENETIC FACTORS DRIVING ATTACHMENT OF
ESCHERICHIA COLI TO STREAM PARTICLES
Manuscript submitted to Applied Environmental Microbiology
C. Liao, X. Liang, M.L. Soupir, M.L. Thompson, L.R. Jarboe
Abstract
Knowledge about microbe-sediment attachment in aquatic environments is
important for water quality management and reduction of waterborne disease outbreaks.
Although the chemical properties of bacteria have been identified that contribute to
initiation of attachment, the genetic factors that contribute to these chemical properties
still remain unclear. In this study we explored attachment of 18 Escherichia coli river
isolates to three model particles. By application of proteomics analysis of outer
membrane proteins, we found that polymorphism of outer membrane protein A (OmpA)
is associated with heterogeneity in cell surface charge and attachment ability to an
organic particle, corn stover. To our knowledge, we are the first to report the five
different patterns of E. coli OmpA and further correlate this species-wide variation of
OmpA with attachment to environmental particles. Abundance of outer membrane
protein X (OmpX) was found to vary between strains and an ompX deletion mutant was
found to have reduced attachment to two of our model particles, 2-line ferrihydrite and
Ca-montmorillonite. Moreover, through a novel comparative attachment assay, we
showed that other cell surface structures, such as flagella and colanic acid, contribute to
attachment of some isolates to some particles. These results indicate that the initiation of
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bacteria-particle attachment is a complex process driven by a combination of surface
structures, in which OmpA plays a major role.
4.1 Introduction
Waterborne diseases such as gastroenteritis, diarrhea, typhoid fever, and
dermatitis can develop when people consume or come into contact with water
contaminated by pathogenic microorganisms (1, 2). In the United States, more than
562,000 miles of rivers and streams and 12.1 million acres of lakes, reservoirs and ponds
are classified as impaired due to pathogens (3). Worldwide, approximately 1.2 million
people, about one quarter of whom were under 6 years of age, died from diarrheal
diseases in 2013 (4). These diarrheal deaths can be attributed to a variety of microbial
causes, including viruses, bacteria, and amoeba. Escherichia coli, which is the focus of
the research described here, was the known causative agent in more than 10% of the
cases in which the etiology was determined (4). Bacteria in aquatic environments can
attach to sediment particles, contributing to bacterial persistence and transport (5-9). To
guide planning for water quality management and reduction of waterborne disease
outbreaks, improved understanding of microbe-particle interactions is essential.
Bacterial attachment to a surface requires overcoming the repulsive forces
between the cell and a surface. This is the initial step of the highly ordered process of
biofilm formation (10, 11). A variety of genes that encode or regulate cell surface
structures have been demonstrated to be involved in biofilm formation; these genes
include motA, crsA, fimA, ag43, csgA, ompX, and pgaABCD (12-18). Such genes may
also affect the initiation of attachment, given the fact that increased attachment leads to
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more frequent establishment of biofilms (19). The Derjaguin-Landau-Verwey-Overbeek
(DLVO) theory has been reported to efficiently predict bacteria-mineral interactions, in
which the interaction force is a function of both cell surface net charge and van der Waals
forces (20-22). In this context, cell surface net charge and cell surface hydrophobicity
seem to be two chemical properties that contribute to microbial attachment to solids,
though some studies suggest that the contribution of hydrophobicity and surface charge
may differ depending on the surface in question (9, 23, 24).
Our previous characterization of 78 environmental E. coli isolates shows a range
of cell surface charge from -39.9 mV to -6.8 mV in terms of zeta potential and
hydrophobicity from 0.01 to 0.9, as well as other cell surface properties (25). These
studies also showed that while cell surface hydrophobicity can be attributed to variations
in the production of extracellular polymeric substances, the variations in cell surface
charge did not correlate with any of the other measured properties (25). Thus, cell surface
features that consistently correlate with or contribute to the cell surface charge remain
unclear.
At the interface between the bacteria and particles, cell surface structures such as
outer membrane proteins, flagella, fimbria, and extracellular polysaccharides affect the
initial attachment step by contributing to the chemical properties of the cell surface.
Proteomic analysis has proven to be an effective method to explore the surface structures
which play key roles in attachment (26-28).
Although biofilm development is well-characterized, little is known about
preexisting surface structures that mediate the initial interaction between bacteria and
particles in aquatic habitats. Moreover, while there are many studies about attachment of
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bacteria to plant tissues and quartz (sand) in lab conditions, less is known about the
genetic factors that drive the attachment of E. coli to representative stream particles under
environmentally relevant conditions.
In this study, 18 E. coli strains isolated from a local waterway were used to
characterize the proteins, including outer membrane proteins (OMPs), which contribute
to the attachment of E. coli to three representative model particles, Ca-montmorillite,
corn stover, and ferrihydrite, under environmentally relevant conditions. This process
was guided by the use of proteomic analysis and development of a competitive
attachment assay, modified from previous work (29). This analysis includes consideration
of flagella, extracellular polysaccharides and OMPs, such as Outer Membrane Proteins A
(OmpA) and X (OmpX). Our work demonstrates the association of sequence variations
within the OmpA protein with cell surface chemical properties and attachment to model
particles.
4.2 Materials and Methods
Bacterial strains, growth condition and model particles
Eighteen E. coli strains were selected from a pool of 400 E. coli strains isolated
from Squaw Creek in Ames, Iowa, as previously described (25). The 18 E. coli isolates
were of different genotypes according to our previous repetitive, sequence based-PCR
(rep-PCR) and fingerprint profile analysis (25). The E. coli lab strain MG1655 was used
as a K12 control. Cells were grown in M9 medium (30) (pH = 7.4) with 0.4% (wt/vol)
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glucose at 37°C, 250 rpm to early stationary phase (OD600 = 1.0 – 1.5), and then
harvested by centrifugation at 4°C, 4,000 × g for 15 minutes.
This growth and harvesting condition was used in preparing cells for the
attachment assay, hydrophobicity assay, zeta potential measurement, and outer membrane
protein extraction, unless otherwise indicated. Cells for molecular manipulation were
grown in Luria-Bertani (LB) medium (pH=7.0), at 37°C or 30°C as needed. When
required, the medium was supplemented with 25 μg ml-1 chloramphenicol, 100 μg ml-1
ampicillin, 100 μg ml-1 rifampicin, 0.5 μmol ml-1 isopropyl β-D-1-thiogalactopyranoside
(IPTG) and 10% (wt/vol) sucrose.
Attachment assays used two mineral particles, 2-line-ferrihydrite and Ca-
montmorillonite, and one organic particle, corn stover. Corn stover was prepared by
grinding dry corn leaf and the resulting powder was sieved using U.S. standard no. 270.
The resulting particles with diameter less than 53 μm were collected and stored at room
temperature. Poorly crystalline 2-line-ferrihydrite was synthesized from Fe(NO3)3·9H2O
as previously described (31) with slight modification. Briefly, Fe(NO3)3·9H2O was
incubated with preheated water (75 °C) for 10-12 minutes and then rapidly cooled in ice
water. The resulting solution was dialyzed and then freeze-dried to obtain solid particles.
Ca-saturated montmorillonite was obtained from the Clay Minerals Society (Chantilly,
Virginia) and used without further modification.
Zeta potential and hydrophobicity test
Zeta potential and hydrophobicity were measured as previously described (25).
Briefly, cells were harvested, washed, and diluted to OD600 = 0.1 in CaCO3 solution
(pH=8.0, ionic strength=10mM), which mimics the properties of typical stream waters in
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the upper Midwest. Using the disposable capillary cell (DTS1070), zeta potential
measurements were performed at room temperature using Zetasizer Nano-ZS (Malvern
instruments Inc., Westborough MA). For hydrophobicity measurements, the Microbial
Adhesion to Hydrocarbon (MATH) method was employed. This method tests
hydrophobicity by comparing the partitioning of cells between an aqueous and an organic
(dodecane) phase.
Transmission Electron Microscopy
Negative staining and TEM imaging were conducted in the Microscopy and
NanoImaging Facility at Iowa State University. Briefly, 3 µl of cells in water were placed
onto a carbon film coated copper grid for 1 minute. The supernatant was removed by
wicking from the side with a piece of filter paper. Then, 3 µl of 2% (wt/vol) aqueous
uranyl acetate was placed onto the grid for 30 seconds. Excess stain was removed by
wicking, and the grid was allowed to dry. Images were made using a JEOL 2100
scanning transmission electron microscope at an accelerating voltage of 200 kV (Japan
Electron Optics Laboratory, USA, Peabody, MA).
Motility Agar Stab Test
A motility agar stab test was performed as described previously (32). Briefly, E.
coli strains were stabbed into glass tubes with LB containing 0.4% (wt/vol) agar. The
tubes were incubated at 37°C for 18 hours or until growth was evident. A diffuse cloud of
growth beyond the stab track indicates a positive motility, while growth constrained to
the stab track indicates a lack of motility.
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Blending and regular attachment assay
Approximately 1010 cells were harvested at early stationary phase, as described
above, and washed twice with 10 ml of CaCO3 solution. The washed cells were
resuspended in 10 ml CaCO3 solution. Then the suspension was subjected to blending (8
X 45 seconds) at 20,000 rpm on ice using a homogenizer (Omni International., Kennesaw
GA). After blending, cells were washed once using CaCO3 solution and then diluted to a
concentration of approximately 106 cells ml-1. Attachment assays were performed
according to previously described methods (29) with modifications that are briefly
described here.
Fifteen μl of cell suspension was added to a 15 ml centrifuge tube (120 mm in
length) containing 15 ml of CaCO3 solution and one of the three model particles. The
final concentrations are 103 CFU ml-1 for E. coli, 1.06 mg l-1 for 2-line ferrihydrite, 1.06
mg l-1 for corn stover, and 108 mg l-1 for Ca-montmorillonite. The concentrations are
determined based on previous reports about reasonably high values in streams (73-75).
After shaking at 80 rpm for 10 minutes, samples were allowed to settle for 1 minute for
ferrihydrite and corn stover and 180 minutes for Ca-montmorillonite. The top 7.5 ml of
liquid was transferred to another tube without disturbing the bottom layer. This top layer
contained the unattached bacteria. One drop of Tween 85 was added to the remaining
liquid to separate the settled bacteria-particle aggregates. After vortexing for 10 seconds,
each sample was diluted 10-fold with phosphate buffer. One ml of the diluted samples
was then used for enumeration of colony forming units (CFU) on LB agar plates. The
attached fraction was calculated as:
Attached fraction = (Cb-Ct)/((Ct+Cb))
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where Ct is the cell concentration in the top half of the settled liquid (unattached
bacteria) and Cb is the cell concentration in the bottom half of the settled liquid (settled
bacteria attached to the respective particle).
Proteomic analysis
OMPs were extracted using the ReadyPrep Protein Extraction Kit (Membrane II)
(Bio-Rad, Hercules, CA, USA) according to the manufacturer’s instructions. The RC DC
Protein assay kit (Bio-Rad, Hercules, CA, USA) was used to measure the protein
concentration. Either 200 μg or 100 μg of protein dissolved in 125 μl of
rehydration/sample buffer, as provided in the protein extraction kit, was used for the first
dimension isoelectric focusing (IEF) on immobilized-pH-gradient (IPG) strips (pH 3 to
10, 7 cm, Bio-Rad, Hercules, CA, USA) at 20°C, approximately 40,000 V·h for 22 hours.
This first dimension separation was performed at the Protein Facility of Iowa State
University.
The IPG strips were then loaded to 7 cm Any kD precast polyacrylamide gels (8.6
× 6.7 cm (W × L), Bio-Rad, Hercules, CA, USA) for the second dimension separation.
Electrophoresis was performed at 180 V until the dye front reached the bottom of the gel.
Precision Plus protein standard plugs (10 – 250 kD, Bio-Rad, Hercules, CA, USA) were
used as molecular weight standards. The gels were stained overnight using Coomassie
blue, and then destained overnight.
Images of the gels were acquired using an Amersham Pharmacia Biotech image
scanner flatbed scanner (Amersham Pharmacia Biotech Inc, Piscataway, NJ, USA). The
images were imported into the software SameSpots (TotalLab, UK), compared, and
processed for spot detection. Protein spots of interest were excised from the gels and
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subjected to in-gel digestion by trypsin. Proteins were identiﬁed by matrix-assisted laser
desorption ionization–time of ﬂight tandem mass spectrometry (MALDI-TOF MS/MS)
and database searching using Mascot (Matrix Science Inc, Boston, MA, USA). Image and
protein analysis were performed at the Protein Facility of Iowa State University.
Gene sequencing and alignment
Open reading frames (ORF) were PCR amplified using Q5® High-Fidelity DNA
Polymerase (New England Biolabs Inc, Ipswich, MA, USA), purified using QIAquick
Gel Extraction Kit (QIAGEN, Germantown, MA, USA), and sequenced at the Iowa State
University DNA Facility. Primers used in this study are listed in Table S1. Each ORF
nucleotide sequence was converted to an amino acid sequence using the translate tool
(http://web.expasy.org/translate/). The resulting sequences were aligned using ClustalW
(http://embnet.vital-it.ch/software/ClustalW.html). Protein isoelectric Point (pI) and
molecular weight were predicted using the software PROTEIN CALCULATOR v3.4
(http://protcalc.sourceforge.net/).
Gene deletion and switching
Recombineering via the Lambda Red-mediated gene replacement system was
used to delete genes from the bacterial genome. Briefly, the DNA fragment of a
chloramphenicol resistance gene with homologous arms upstream and downstream of the
target genes was introduced into E. coli cells via electroporation. With the help of
plasmid pKD46, the target gene was then replaced by the antibiotic resistance gene, as
described previously (33). PCR was conducted to confirm the success of replacement.
Gene switching of ompA was conducted using the combination of the Lambda
Red replacement system and sacB counter selection concept. Briefly, overlap-extension
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PCR was conducted to obtain the sacB and cat gene (chloramphenicol resistance gene)
cassette flanked by 500 bp of homologous arms upstream and downstream of MG1655
ompA ORF. Then the target gene ompA in MG1655 genome was replaced by the sacB
and cat gene cassette with the help of plasmid pKD46. The sacB and cat gene cassette
was subsequently replaced by the ompA4 ORF of strain C. Positive transformants were
identified by growth on LB agar plates with 10% sucrose and IPTG but no growth on LB
plates with chloramphenicol. Diagnostic PCR and sequencing were conducted to confirm
the success of replacement. Plasmids used in this study are listed in Table S1. A
spontaneous rifampicin-resistant strain of E. coli MG1655: ompA4 gene was obtained by
growing cells on 100 μg ml-1 rifampicin. Mutation of the rpoB gene, which encodes a
subunit of RNA polymerase, is one of the most common mechanisms of rifampicin
resistance and thus the rpoB gene of the selected rifampicin-resistant strain was
sequenced for confirmation. Colonies found to have a sense mutation on the rpoB gene,
which changes the 526th amino acid residue from histidine to asparagine, were selected
for subsequent experiments.
Competitive attachment assay
The competitive attachment assay process is generally the same as the previously
described single-strain attachment assay (29), except that both the mutant and wild type
(WT) strains were incubated with particles for attachment at the same time. Moreover,
instead of enumerating the CFU of both the attached and unattached fraction, only the
attached (bottom) fraction was enumerated. Specifically, after mixing and settling of the
bacteria and particles, 1 ml of Tween-treated phosphate suspension from the bottom half
of the settled liquid was enumerated for both total CFU attached (grown on LB agar
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plates with no antibiotics) and mutant CFU attached (grown on LB agar plate with
corresponding antibiotics). The attachment ratio for mutant: wild-type was calculated as:
ratiowith particle = mutant /(total-mutant)
The same experiment was conducted with no particle added as a control
(ratiocontrol). The percentage change was calculated as [(ratio with particle – ratio control) / ratio
control] ×100 in which the ratio is always mutant: wild-type.
Statistical analysis
Student’s t test was conducted to analyze the difference of attachment ability, zeta
potential, and hydrophobicity among E. coli strains with different OmpA patterns. P
values less than 0.05 and 0.1 are both denoted. All attachment assays, zeta potential
measurements, and hydrophobicity measurements were performed in triplicate.
4.3 Results
As previously described (25), the 18 E. coli strains used in this study were
selected from a library of 400 E. coli strains isolated from two locations within the Squaw
Creek watershed in Ames, IA, during the fall of 2012 and summer of 2013. Seventy eight
strains with different genotypes were distinguished through rep-PCR. These 18 E. coli
strains (designated here as strains A – R) were further selected from the 78 strains based
on their interesting profiles of attachment to the three model particles (data not shown).
To identify genetic factors involved in attachment to stream particles, cell surface
structures and chemical properties were explored.
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Flagella are not essential for attachment
The flagellum is a well-characterized filamentous appendage on the microbial
surface which not only grants mobility in aqueous environments but also has been
reported to be a key genetic factor involved in biofilm formation (10, 12). The roles of
the flagella in initiating bacteria-surface attachment are 1) overcoming the repulsive force
at the solid-liquid interface, and 2) providing opportunities for bacteria-surface contact
(12, 34). The fliC gene encodes the flagellin protein, a primary subunit of the flagella
filament. Using the competitive attachment assay designed in this study (Fig. 1), we
found that our MG1655 ΔfliC strain showed a 21% increase in attachment to ferrihydrite
(P = 0.09), but no significant change in attachment to corn stover or Ca-montmorillonite.
We also tested the contribution of flagella to the attachment behavior of two
environmental isolates, strains K and R (Table 1). In contrast to the results observed for
MG1655, disruption of flagella production had no statistically significant impact on the
attachment ability of strain K to any of the three model particles. For strain R, attachment
to Ca-montmorillonite increased by 42% (P < 0.05), but there was no change in
attachment to other particle types. Note that each of the three fliC deletion mutants was
confirmed to be non-motile by the motility agar stab test (data not shown).
These results demonstrate that while flagella may contribute to binding of cells to
some types of particles, this trend is not consistent across strains or particle types. Thus,
we sought to better understand the role of flagella in mediating attachment and also to
identify other proteins that might be involved in mediating attachment to environmental
particles.
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A homogenizer was used to remove the flagella, and possibly other surface
proteins, of the 18 E. coli isolates by mechanical shear force, similar to previous reports
(35). Images from the TEM examination showed that our shearing procedure was
effective in removing flagella (Fig. 2). Specifically, flagella can be observed in images
collected before blending, but not in the images collected after blending.
We characterized the attachment behavior of each of the 18 isolates in both the
unblended and blended state. For each of the three particle types, each strain was placed
into one of three groups: (1) behavior did not change after blending; (2) attachment
behavior significantly increased after blending, similar to what was observed for the
MG1655 and strain R ΔfliC mutants; and (3) attachment behavior decreased after
blending (Table 2). A P value cutoff of 0.1 was used to establish significance.
For seven of our strains, no change in attachment ability was observed for any of
the three model particles. This indicates that either the flagella controlling the attachment
behavior of these seven strains were not removed by the blending process or that the
attachment behavior of these strains is controlled by something other than flagella, i.e., a
factor that was not affected by the blending treatment.
The remaining 11 strains responded differently to blending, depending upon the
type of particle investigated (Table 2). For these E. coli strains, blending affects the
attachment ability as a function of not only strain type (genotype) but also particle type.
Note that in open waterways, such as rivers and streams, there are also shear forces
generated by high flow during severe weather. While natural shear forces may not be as
strong as those generated by the blending performed here, our study is an approximate
reproduction of the bacterial-particle attachment process in the aqueous environment.
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The fact that all of our 18 E. coli strains still demonstrate attachment to at least
one particle type after flagella removal demonstrates that flagella are not essential for
establishing attachment. The finding that in many cases the removal of surface proteins
actually increased attachment was unexpected. We propose that the blending process
possibly exposed additional surface structures involved in attachment. Alternatively, the
loss of flagella-mediated tumbling may have allowed increased interaction time between
the cells and particle surfaces so that attachment was more likely.
Proteomic analysis identifies OmpA and OmpX as contributing to attachment
The observation that flagella play a different role in attachment for different E.
coli strains and particles led to the hypothesis that flagella are not the only surface
appendages that might contribute to attachment. To investigate other surface structures
that contribute to bacteria-particle attachment, we did two-dimensional (2-D) gel
electrophoresis analysis for OMPs. OMP profiles of strains with decreased attachment
ability to corn stover after blending (strains C, G, and K) were compared to those with no
change in attachment (strains F, O, and P) (Table 2).
This comparison identified 4 spots with potentially different expression levels
between these two groups of strains (Table 3). The most promising spot, #5352, was
present on the gels of strains F, O, and P, but was not detected on the gels of strains C, G,
and K (Fig. 3). This spot was identified as outer membrane protein OmpA through in gel-
digestion and MALDI-TOF MS/MS analysis. It has been previously reported that
proteins often appear as different spots on one 2-D gel because of different molecular
forms, i.e. distinct folding, post-translationally modification, or oxidation states (26, 36).
We further found that spots #5405 and #5352 are both OmpA, with shifting of this spot
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between strains C, G, and K vs F, O, and P. This shifting of the OmpA-associated spots
indicates that there are variations at the molecular level among the OmpAs, which led us
to sequence the ompA gene for all the 18 E. coli strains, as described below.
We also compared the OMP profiles among strains with increased attachment to
Ca-montmorillonite after blending (K, L, and O) to those with no change in attachment to
Ca-montmorillonite after blending (C, D, and F). Seven spots were excised and identified
(Table 3). The most promising spot was #6375, identified as OmpX. This spot had
different expression levels between these two strain groups. Specifically, strains K, L,
and O had a 2.2-fold increase in OmpX expression relative to strains C, D, and F. The
sequence of the ompX ORF and promotor region was obtained for each of the 18 isolates
and no differences were found (data not shown). These results suggest that sequence and
expression variation in OmpA and OmpX, respectively, may contribute to the patterns of
attachment observed for our strains.
OmpA sequence variation among 18 E. coli isolates
Based on the results of the proteome analysis, ompA was sequenced for each of
the 18 E. coli strains and converted to an amino acid sequence. Consistent with the
shifting OmpA spots in the proteome analysis, we found that there is substantial variation
in the 18 OmpA sequences. The molecular weights predicted from these sequences range
from 37,174 to 37,711 Daltons, and the predicted pIs range from 5.92 to 6.16 using
PROTEIN CALCULATOR v3.4. These differences may have caused the shifting of the
OmpA-associated spots on the 2-D gels. It should be noted that here the pI was calculated
based on the assumption that all residues have pKa values that are equivalent to the
isolated residues, which may not be valid for a folded protein.
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The observed variations in the OmpA amino acid sequence mainly occur within
the four extracellular loops, especially loop 2 and loop 3. The alignment of the loop 2 and
loop 3 amino acid sequences of the 18 E. coli isolates, along with MG1655, is shown in
Figure 4. The sequence of loop 2 has two amino acid patterns: PYKGSVENGA and
PYKGDNINGA, with the observed differences being restricted to the 5th, 6th, and 7th
amino acids of this loop (underlined). Loop 3 has 4 different patterns:
KAHNNVTGESEKNH, KSNFDGKNH, KSNVYGKNH and KANVPGGASFKDH.
As shown in Table 4, the 18 OmpA amino acid sequences can be divided into 5
patterns according to both loop 2 and loop 3 variations. Most of our strains (8 out of 18),
along with MG1655, encode OmpA3; six strains encode OmpA4; two encode OmpA1.
OmpA2 and OmpA5 are each encoded by only one strain in our collection. Note that loop
3 of strain F is the same as the others in pattern 4 except for one amino acid substitution:
the second G of loop 3 has been replaced by V. It should be noted that the OmpA patterns
of strain C, G and K are the same, while the patterns of strains F, O, and P differ at least
in one amino acid residue. This could possibly explain the difference in attachment
behavior of these strains.
Sequence variation for OmpA has been previously noted for E. coli and other
bacterial genera (37-39). Here, we provide a more comprehensive and thorough summary
of these OmpA patterns. We noticed that OmpA3 and OmpA4 are the most prevalent
OmpA patterns within our strain collection. Besides the variation on loop 2 and loop 3,
there is also one amino acid drifting on loop 1, for which the 9th amino acid residue drifts
among Asp, Asn and Pro; one amino acid drift on loop 4, for which the 6th amino acid
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residue drifts between His and Asn; and four single amino acid drifts on the
transmembrane section of this 346 - 352 amino acid residue protein (data not shown).
OmpA pattern is associated with attachment to corn stover
As shown in Table 4, the OmpA sequences for our 18 E. coli strains fall into 5
patterns according to the sequences of loop 2 and loop 3. In order to investigate the
contribution of the OmpA pattern to attachment, a statistical comparison was performed
for strains encoding OmpA3 (n=8) and OmpA4 (n=6) in terms of attachment ability. The
result (Fig. 5A) shows that E. coli strains with OmpA4 have significantly higher
attachment ability to corn stover compared to those with OmpA3 (P = 0.06). No
statistically significant difference was found for attachment ability to other two particle
types (data not shown). These results show that variation in the OmpA sequence is
associated with different attachment behavior, but it is not clear if this difference comes
from the variation in loop 2, loop 3, or both.
Strains with patterns 1, 2, and 3 have SVE as the loop 2 core sequence, while
strains with pattern 4 and 5 have DNI as the loop 2 core sequence (Table 4). Comparison
of these two groups (Fig. 5B) showed that E. coli strains with OmpA loop 2 core
sequence as DNI had significantly higher attachment ability to corn stover compared to
those with loop 2 core sequence as SVE (P = 0.04). No statistically significant difference
was found for attachment ability to the other two model particles. We also compared
attachment abilities of strains with different loop 3 (Fig. 5C). The comparison shows that
E. coli strains with the OmpA loop 3 sequence KANVPGGASFKDH have a significantly
higher attachment ability to corn stover compared to those with the loop 3 sequence
KSNVYGKNH (P = 0.04). Thus, it appears that sequence variations within both loop 2
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and loop 3 sequences influence attachment to corn stover, a model organic environmental
particle. These results are summarized in Table 5.
OmpA pattern is associated with cell zeta potential but not with cell hydrophobicity
To explore the molecular mechanism of how sequence variations in the OmpA
protein might influence attachment, we measured a few key cell properties. Cell zeta
potential is an indicator of cell surface net charge. Cells with a more negative zeta
potential have a more negatively charged cell surface. Bacterial zeta potential is also an
important parameter in the classic DLVO theory which was reported to efficiently predict
bacteria-particle interactions (20). To explore the influence of the OmpA amino acid
sequence on zeta potential, we compared the bacterial zeta potential between different
strains grouped according to the OmpA pattern and loop sequences. This comparison
(Fig. 6, Table 5) shows that E. coli strains with OmpA4 have a significantly more
negative zeta potential than those with OmpA3 (P = 0.08) (Fig. 6A). Moreover, those
with the loop 2 sequence DNI have a significantly more negative zeta potential than those
with the loop 2 sequence SVE (P = 0.05) (Fig. 6B), and those with loop 3 sequence
KANVPGGASFKDH have a significantly more negative zeta potential than those with
loop 3 sequence KSNVYGKNH (P = 0.09) (Fig. 6C).
Thus, as with attachment to corn stover, sequence variations in both loops 2 and 3
of OmpA are associated with an environmentally relevant bacterial property, the zeta
potential. These results suggest that OmpA4 confers a more negative surface charge and
also higher attachment ability to corn stover compared to OmpA3. The relative
hydrophobicity values of strains with different OmpA patterns were also compared (data
not shown), but no statistically significant differences were identified.
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Cell properties and attachment behavior change of ompA deletion/switching and
ompX deletion strains
Our results thus far suggest that differences in the sequence of OmpA, particularly
in outer loops 2 and 3, contribute to attachment to corn stover by modulation of the cell
zeta potential. In order to further explore these results, we performed molecular
manipulation and competitive attachment assays. Previous work by Ma and K. Wood
(2009) showed that overexpression of OmpA may cause cell lysis and further cell death
(40). So instead of overexpressing OmpA, we deleted ompA from the genome of
MG1655. The resulting ompA-deficient and chloramphenicol resistant strains were
subjected to a competitive attachment assay with the wild-type strain. The result is that
the attachment ability of the ompA-deficient strain to corn stover decreased by 7% (P <
0.05) compared to the corresponding wild-type strain, as indicated in Table 1. However,
we observed that the OmpA-deficient strain showed low survival in the attachment assay
procedure, so these attachment assay results may not strictly reflect attachment behavior.
Poor cell viability of ompA deletion mutants is consistent with previous reports (39).
To further determine if the OmpA sequence pattern is related to attachment
behavior of E. coli, we switched the ompA gene of strain C (ompA4) into the genome of
E. coli MG1655 (originally ompA3). For this OmpA replacement strain, the promotor and
terminator are still the same as the wild type MG1655, only the OmpA ORF was
replaced. The competitive attachment assay result shows that the MG1655: ompA4 has a
23% (P < 0.1) increase in attachment ability to corn stover compared to the wild type E.
coli MG1655 (Table 1). This result agrees with our finding that strains encoding OmpA4
have higher attachment ability to corn stover than those encoding OmpA3. Moreover, we
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found that MG1655: ompA4 has a 37% (P < 0.05) decreased attachment ability to Ca-
montmorillonite, and a 25% (P < 0.1) decreased attachment ability to ferrihydrite, results
which were unexpected since we did not observe any significant association between the
OmpA pattern and attachment to Ca-montmorillonite or ferrihydrite for the river isolates
of E. coli.
Zeta potential measurement results showed that the ΔompA MG1655 strain was
14% more negatively charged relative to the wild type (P=0.006). Moreover, E. coli
MG1655 with OmpA4 has 15% more negative zeta potential than the wild type E. coli
MG1655 (P = 0.001).
Cell hydrophobicity tests showed no difference between MG1655 strains with
OmpA3 and OmpA4. But complete removal of ompA from E. coli MG1655 decreased
the hydrophobicity by 25% relative to the wild type (P = 0.08).
To summarize, these results suggest that the OmpA4 gene confers greater
attachment ability to corn stover particles and a greater negative charge at pH 8.
In our study, differential expression of OmpX was observed by proteomic
analysis. This result contrasts the OmpA results in which the location of the protein-
associated spot changed, presumably due to differences in the protein sequence.
Competitive attachment assays performed with an ompX deletion mutant showed that loss
of OmpX caused a 21% (P < 0.1) and 12% (P < 0.05) decrease in attachment ability to
Ca-montmorillonite and corn stover, respectively (Table 1). We also found that the
hydrophobicity of ompX-deficient MG1655 was decreased nearly two-fold relative to the
wild type strain (P = 0.02), while there was no difference in zeta potential (Table 5).
Rivas et al. (2008) reported that expression of OmpX was induced under sessile growth
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compared to planktonic growth, which indicates that OmpX could play a role in biofilm
formation on an abiotic surface (26). Our study suggests that OmpX is also important for
the initial attachment of a cell to some environmental particles.
Extracellular polysaccharides play limited roles in attachment to three model
particles
Attachment of bacteria to particles is a complex process which is unlikely to be
determined only by flagella, OmpA, and OmpX. Extracellular polysaccharides (EPS) are
macromolecules secreted by microorganisms to the environment which can then form a
tight or loose capsule around the cell. It has been previously reported that E. coli EPS,
which include colanic acid, poly-β-1, 6-N-acetylD-glucosamine (PGA), and cellulose,
contribute to attachment of E. coli to alfalfa sprouts and plastic (41). But Macarisin et al.
(2012) found that production of cellulose is not required for E. coli O157:H7 to attach to
spinach leaf (42). Thus, the role of individual components of E. coli EPS in attachment is
not clear. To test the function of different components of the EPS of MG1655 on
attachment to stream particles in the conditions used here, single-deletion mutants of
three genes were generated through gene replacement: wcaD, which encodes colanic acid
polymerase, the cellulose synthase-encoding gene bcsA, and the PGA synthase-encoding
gene pgaC. Competitive attachment assays showed that the ΔwcaD strain had 11%
greater attachment ability to ferrihydrite than the wild type strain (Table 1) (P < 0.1).
There was no statistically significant change in attachment to corn stover or
montomorillonite in the ΔwcaD strain and no significant difference in attachment to any
of our three model particles was observed for ΔbcsA and ΔpgaC. Thus, these three genes
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previously reported to contribute to bacterial attachment play either no role or only a
minor role in attachment to our model environmental particles.
4.4 Discussion
In this study, we have explored the contribution of various genetic elements to the
attachment of 18 E. coli isolates to three model environmental particles. Different
methods have previously been used to test the attachment of bacteria to abiotic surfaces,
such as measuring bacterial deposition rate during flow through a particle-packed column
(43, 44), using flow cytometry to detect attached and unattached bacteria (45), and
settling, centrifugation, or filtration to separate the unattached and attached bacterial
fractions (5, 29, 46, 47). In this study, we developed a novel method (Fig. 1) of
comparing the attachment behavior of two strains. This method is a modification of the
previously described settling method to investigate the role of a specific genetic factor in
attachment. In this system, mutant and wild type cells compete for binding sites on the
particle surfaces. The resulting ratio of the attached fraction of a mutant to that of the
wild type was compared to the control group with no particle added, for which a higher
ratio indicated greater attachment ability of the mutant relative to the wild-type.
Although OmpA extracellular loops vary among closely related genera of Gram-
negative bacteria (39, 48) and two alleles of OmpA among E. coli have been previously
reported (37, 38) , this is the first time the five patterns within the species of E. coli been
screened and summarized. OmpA is one of the most abundant outer membrane proteins
for Gram-negative bacteria, with expression of 2-3 × 105 molecules per cell (49). As a
transmembrane protein embedded in the outer membrane, it crosses the membrane eight
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times, resulting in four large and hydrophilic extracellular loops and four small
periplasmic turns (48, 50-53). OmpA can acts as a porin protein for bringing small
molecules into cells (48, 54), as a receptor for bacteriophage and colicin (55, 56), and
also as a structural protein to maintain the integrity of the outer membrane (57, 58). It has
also been reported to be an important target for immune response and a contributing
factor to the pathogenicity of E. coli (39, 59-63). The proteomic studies performed here
led to our discovery of sequence variation within the OmpA extracellular loops,
especially loop 2 and loop 3 (Fig. 4), while other regions of the protein, including the
transmembrane region, periplasmic turns, and N and C terminals were highly conserved.
We are the first to report these five different patterns (Table 4) of E. coli OmpA
based on extracellular loop 2 and loop 3 amino acid sequences. Given the fact that these
five OmpA patterns were detected in 18 E. coli strains with different genetic backgrounds
(25), it is reasonable to assume that this 5 pattern division of E. coli OpmA is both
comprehensive and accurate. There are two different versions of loop 2 and 4 versions of
loop 3 (Table 4). OmpA3 and OmpA4 are the most prevalent in our strain collection.
More interestingly, OmpA5 can be considered to be a mixture of OmpA3 and OmpA4,
since it is composed of OmpA4’s loop 2 and OmpA3’s loop 3. This suggests that OmpA5
may be a product of horizontal gene transfer and recombination or allelic exchange.
As repeatedly demonstrated in previous studies (15, 26, 28), OmpA plays a
critical role in biofilm formation. However, instead of exploring the OMP profile change
after adhesion, our work focused on investigation of preexisting cell surface properties
that affect initial attachment to abiotic surfaces. Our study found that OmpA, and
particularly the amino acid sequence variation in the extracellular loops of OmpA, is also
101
important for initiation of attachment to biotic particles, especially to the organic model
particle corn stover. It is also the first time cell surface zeta potential was found to vary as
a function of the OmpA pattern. We found that strains encoding OmpA4 strains have a
more negative zeta potential and higher attachment ability to corn stover, but no
significant correlation was found between attachment ability and zeta potential (Table 5).
This lack of significant correlation implies that other factors besides surface charge also
contribute to attachment behavior.
An MG1655 strain expressing OmpA4 instead of its native OmpA3 was
generated through gene switching. The results show that OmpA4 renders a cell with a
more negative net charge at the environmentally relevant pH 8. Moreover, the OmpA
deletion mutant of MG1655 has lower hydrophobicity and a more negative net charge
than the corresponding wild type strain (Table 5), and these results further suggest that
OmpA can contribute to cell surface chemical properties.
We also found that OmpA4 renders MG1655 with an increased (+23%)
attachment ability to corn stover relative to the MG1655 expressing Omp3 (Table 1).
Considering the previous findings by Krishnan et al. (2014) that specific interactions can
occur between loops 2 and 3 of OmpA to glycan groups on human cell receptor (64), it is
possible that the attachment of E. coli cells to corn stover is mediated also by specific
chemical bond formation between OmpA extracellular loops and glycan groups on the
surface of the corn stover particle. Therefore, the increased attachment ability of MG1655
expressing OmpA4 can possibly be attributed to the formation of stronger or additional
chemical bonds. The decreased attachment ability of the OmpA-deficient strain may be
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caused by the loss of this interaction. Composition and surface structure of the corn
stover particles need to be examined in order to further test this hypothesis.
OmpX is also a highly conserved outer membrane protein with 8 transmembrane
domains and 4 extracellular loops. It has been previously reported that deletion of ompX
led to decreased cell surface contact of a nonfimbriated E. coli strain to quartz (18). In
our study, we found that the three isolates (K, L, and O) with greater ability to attach to
Ca-montmorillonite after blending also have higher OmpX expression level compared to
those with no difference in attachment ability after blending (strains C, D and F). This
result suggests that OmpX facilitates attachment to Ca-montmorinollite. Moreover, we
also found that an OmpX deletion strain has lower hydrophobicity and lower attachment
ability to Ca-montmorinolite and corn stover relative to the wild-type (Table 1). We
sequenced the ompX gene and promotor region of our 18 isolates and no variation was
found (data not shown). To summarize, our study demonstrates that different levels of
expression of OmpX can be one of the factors that contribute to heterogenic attachment
behavior for different E. coli isolates.
A recent study by Nagy et al. (2015) investigated genetic factors that influence
initial attachment of E. coli O157:H7 to spinach leaves (65). They found that fliC and
ompA genes are important for specific interactions to occur. These findings are consistent
with our study of 18 E. coli isolates and our conclusion that flagella and OmpA each play
roles in, but are not essential for, attachment initiation.
Previous reports of the role of flagella in bacterial attachment to surfaces have
been mixed (34, 66). Here, we also found mixed results in regards to isolate identity and
particle type. Beyond functioning as the appendage generating motility, flagella also
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possess specific physico-chemical properties that contribute to surface hydrophobicity
and net surface charge. This is consistent with the conclusions of de Kerchove and
Elimelech (2008), which stated that flagella associate with surfaces through both steric
and electrostatic interactions (67). Therefore, the observation that different E. coli isolates
have a differential response to blending in terms of attachment can possibly be attributed
to variable physicochemical properties possessed by different flagella. We also speculate
that other structures revealed on the cell surface after blending may lead to more
diversified mechanisms of attachment.
EPS have also been reported to have a role in bacterial attachment. Colanic acid,
cellulose, and PGA are all main components of EPS of E. coli. Matthysse et al. (2008)
found that colanic acid synthase mutant of O157: H7 had a severely reduced ability to
bind to alfalfa sprouts (41). In contrast, Barak et al. (2007) reported that the ability of
Salmonella enterica to attach to root hairs of alfalfa sprouts was unaffected when colonic
acid synthase was deleted (68). Our study shows that MG1655 strains deficient in the
ability to produce colanic acid demonstrate higher attachment ability to ferrihydrite
compared to the wild type, while no change in attachment ability to other two model
particles, Ca-montmorinite and corn stover, was observed (Table 1). Matthysse (1983)
found that while an inability to produce cellulose does not impact the ability of
Agrobacterium tumefaciens to attach to carrot cell surfaces, the cell aggregation ability
around the carrot cell surface was diminished (69). Similarly, a study by Macarisin et al.
(2012) found that production of cellulose was not required for E. coli O157:H7 to
develop strong attachment to spinach leaf (42). Our study also shows that a cellulose-
deficient strain has no change in attachment to Ca-montmorillonite, corn stover, or
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ferrihydrite compared to the wild type strain (Table 1). PGA is a homopolymer that is
secreted by Gram-negative bacteria and has been reported to be essential for maintaining
the structural integrity of biofilms (70-72). Matthysse et al. (2008) found that PGA
mutants of O157: H7 E. coli lost the ability to bind to alfalfa sprouts (41). Similarly,
Wang et al. (2004) reported that for E. coli MG1655, PGA is required for optimal biofilm
formation on polystyrene (72). Our results suggest that PGA is not required for initiating
attachment to our three model particles (Table 1), but its role in stabilizing biofilms was
not investigated here.
In conclusion, we suggest that cell surface properties can be altered by variations
in the sequence or abundance of outer membrane proteins, which in turn affect
attachment to abiotic and biotic particles. Moreover, the species-wide polymorphism of
OmpA contributes to the heterogeneous attachment behavior among different E. coli
isolates. Further investigations are required to determine which one of the two variable
extracellular loops play the main role in attachment to organic particles and whether
special chemical bonds were formed during the attachment.
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TABLES
TABLE 1. Bacterial surface structures affect attachment ability differently for different
strains and different particle types. Genes encoding various surface structures were
altered by removing or switching and then subjected to competitive attachment assay
with the respective wild-type control. Changes in attachment ability were obtained from
the competitive attachment assay (n=3) between the specific mutant and wild type strain.
P values are from Student’s t test.  The percentage change was calculated as (ratio with
particle – ratio control)/ ratio control in which the ratio is mutant: wild type.
Percent change in attachment ability
Gene altered E. coli strain Ca-mont Corn stover Ferrihydrite
MG1655 NC
†
NC +21*
ΔfliC isolate K NC NC NC
isolate R +42** NC NC
ΔompA MG1655 NC
¶
-7**
¶
NC
¶
ompA3 switched
to ompA4 MG1655 -37** +23* -25*
ΔompX MG1655 -21* -12** NC
ΔwcaD MG1655 NC NC +11*
ΔpgaC MG1655 NC NC NC
ΔbcsA MG1655 NC NC NC
† No Change; *P < 0.1; **P ≤ 0.05;
¶OmpA deficient mutant barely survive the attachment assay procedure, so this result
may lack significance.
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TABLE 2. Blending affects attachment ability of 18 E. coli isolates as a function of both
strain type and particle type. Attachment abilities of cells before and after blending were
subjected to t test. Strains with no change of attachment ability to all three particle types
(B, D, E, H, M, P, and Q) are not shown in this table. P values less than 0.1 were
considered as a significant change in attachment ability.
Particle Strain
Particle type Particle properties
Attachment
increased
Attachment
decreased
Attachment not
changed
Ca-
montmorillonite
Phyllosilicates,
plate-shaped,
diameter ~1µm
J, K*, L, O*, R* N* A, C, F, G, I
Corn stover
Organic, contain
lipids, cellulose,
lignin, and pectin
A*, R* C, G
*
, K*,
L* F, I, J, N, O
Ferrihydrite Oxide mineral,
nanoporous J, O
* C*, F*, I A, G, K, L, N, R
* P < 0.05, others that have attachment ability changed but not marked by star have a P
value less than 0.1 and more than 0.05.
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TABLE 3. Spots analyzed by SameSpots from 2-D gels and subjected to protein
identification by MALDI-TOF MS.
Spot
number Protein Hits
a
Score
b pI given by
SameSpots
MW
(Dalton)
Strains C, G & K vs F, O & P
5230 OmpC 2 58 4.51 31,205
5737 OmpA 1 63 5.8 20,642
5405 OmpA 3 124 6.38 27,341
5352 OmpA 3 138 6.72 28,161
Strains C, D & F vs K, L & O
6445 NifW 1 44 6.35 12,222
5549 Lis12 1 46 7.23 24,267
5644 OmpA 1 81 5.87 21,667
6787 OmpA 2 86 6.76 19,227
6375 OmpX 2 91 6.37 13,139
6768 OmpX 2 96 5.58 11,722
aHits: number of matched peptides, sequence of amino acids matching the identified
protein determined by MALDI-TOF-MS;
bIons score is -10*Log(P), where P is the probability that the observed match is a random
event. Individual ions scores > 40 indicate identity or extensive homology (P < 0.05).
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TABLE 4. Summary of different patterns of OmpA protein amino acid sequences among
18 E. coli strains. Sequence variation is mainly limited to the second and third
extracellular loops of the OmpA protein.
*For strain F, the second G of loop 3 is V.
¶pI and MW were predicted by PROTEIN CALCULATOR v3.4. The calculation is based
on the assumption that all residues have pKa values that are equivalent to the isolated
residues, which may not be valid for a folded protein.
Pattern
according to
loop 2 and 3
Loop 2 aa
sequence Loop 3 aa sequence Strain pI
¶
MW(Dalton)¶
OmpA1 SVE KAHNNVTGESEKNH B, O 5.90 37,711
OmpA2 SVE KSNFDGKNH D 6.41 37,200
OmpA3 SVE KSNVYGKNH
A, E, H, I,
J, M, P, Q,
MG1655
5.97 37,450
OmpA4 DNI KANVPGGASFKDH C, F
*
, G,
K, L, N
5.92 37,174
OmpA5 DNI KSNVYGKNH R 6.16 37,196
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TABLE 5. Summary of comparisons regarding surface properties and attachment
abilities to three model particles between strains with different OmpA patterns. See
supplementary Figure S1 and Table S2 for data.
Zeta potential
(pH 8) Hydrophobicity
Attachme
nt to
Ca-mont
Attachme
nt to corn
stover
Attachment
to
ferrihydrite
loop 2:
DNI vs SVE DNI more negative no difference
no
difference
DNI
higher
no
difference
loop 3:
KSNVYGKNH
vs
KANVPGGASFKDH
KANVPGGASFK
More negative no difference
no
difference
KANVPG
GASFK
Higher
no
difference
Isolates with OmpA
pattern 3 vs pattern 4
OmpA4 more
negative no difference
no
difference
OmpA4
higher
no
difference
MG1655 encoding
OmpA3 vs knockout*
Knockout more
negative wild type higher
no
difference
wild type
higher
no
difference
MG1655 encoding
OmpA3 vs OmpA4
OmpA4 more
negative no difference
OmpA3
higher
OmpA4
higher
OmpA3
higher
MG1655 encoding
OmpX vs knockout no difference wild type higher
wild type
higher
wild type
higher
no
difference
*OmpA–deficient MG1655 has poor viability which makes it hard to survive the
attachment assay procedure.
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FIGURES
FIGURE 1. Schematic diagram of competitive attachment assay. Mutant and wild type
ratio was calculated as mutant: (total - mutant).
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FIGURE 2. Flagella of E. coli cells were removed by the blending cycle. Transmission
electron microscopy (TEM) images of E. coli MG1655 cells before blending (A and B),
and after blending (C and D) show that flagella were removed.
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FIGURE 3. Proteomic analyses for outer membrane proteins showed different
expression profiles of OmpA and OmpX between groups of strains reacting differently to
blending in terms of attachment to corn stover. Picture on the left is a 2D gel selected as
the standard gel for SameSpots software analysis. Spots that were excised for protein
identification are indicated by blue shapes. Figure on the right shows the spots of OmpA
#5405 and #5352 on six different strains OMPs 2D gel. Numbers and red lines indicate
parts of the spots that were subjected to protein identification through in-gel digestion
and MALDI-QUAD-TOF and MS/MS.
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FIGURE 4. High variation of extracellular loop 2 and loop 3 sequences among the
OmpA of 18 E. coli isolates. This figure shows alignment of extracellular loop 2 and loop
3 amino acid residues of OmpA from 18 E. coli isolates and E. coli MG1655. Loop 2 and
Loop 3 are indicated by gray shadowing (10 amino acid residues), and the amino acid
residues that vary among these isolates in loop 2 are bolded.
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FIGURE 5. OmpA pattern is associated with attachment to corn stover.  (A) E. coli
strains with OmpA4 have statistically significant higher attachment ability to corn stover
compared to those strains with OmpA3 (P = 0.06). (B) E. coli strains with OmpA loop 2
sequence as DNI have statistically significant higher attachment ability to corn stover
compared to those with loop 2 sequence as SVE (P = 0.04). (C) E. coli strains with the
OmpA loop 3 sequence KANVPGGASFKDH have significantly higher attachment
ability to corn stover compared to strains with the loop 3 sequence KSNVYGKNH
(P=0.04). No statistically significant difference was found for attachment ability to Ca-
montmorillonite or ferrihydrite (not shown). Error bars are the standard errors of three
replicates. P value is from Student’s t test. Error bars are the standard errors of three
replicates.
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FIGURE 6. OmpA pattern is associated with the cell property zeta potential. (A) E. coli
strains with OmpA4 have statistically significant more negative zeta potential compared
to those of OmpA3 (P = 0.08). (B) E. coli strains with the OmpA loop 2 sequence DNI
have statistically significant more negative zeta potential compare to those with the loop
2 sequence SVE (P = 0.05). (C) E. coli strains with OmpA loop 3 sequence as
KANVPGGASFKDH have significantly more negative zeta potential compared to strains
with the loop 3 sequence KSNVYGKNH (P = 0.09). P value is from Student’s t test.
Error bars are the standard errors of three replicates.
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SUPPLEMENTARY DATA
TABLE S1. Strains, plasmids and primers used in this study.
Purpose or description Reference or
source
Strains
18 E. coli isolates from river (A-R) Main research subjects This study
E. coli MG1655 Control strain Lab strain
E. coli MG1655: ΔwcaD This study
E. coli MG1655: ΔpgaC This study
E. coli MG1655: ΔbcsA This study
E. coli MG1655: ΔfliC This study
E. coli MG1655: ΔompA This study
E. coli MG1655: ΔompX This study
E. coli MG1655: ΔompA::ompA4 E. coli MG1655 strain
with OmpA4 This study
K: ΔfliC This study
R: ΔfliC This study
Plasmids
pKD46
For gene knockout (33)pKD3
pKD4
pFJ1 For gene switching Gift form Dr.Fuyuan Jing
Primers
GGTGGAAACCCAATACGTAATC
AACGACTTGCAATATAGGATAA
CGAATCGTGTAGGCTGGAGCTG
CTTC For fliC gene knockout
and confirmation This studyATCAGGCAATTTGGCGTTGCCG
TCAGTCTCAGTTAATCAGGTTAC
AACGAATGGGAATTAGCCATGG
TCC
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ATACTTGCCATGCGATTTCC
TACACCGTTTTCCATGAGCA
CAGCCAACGCAGCCGCGCCGCC
TACAGTGGACAACAGATGCTGG
AGGAGTGTGTAGGCTGGAGCTG
CTTC
For wcaD gene knockout
and confirmation This study
CGAGGTTACGAAACGCGACAGT
GATTATGCTAAGCAACATGTTC
TTATTCATGGGAATTAGCCATG
GTCC
GGTGATTGCCACCCATAGC
ATCCCAATGGCATCGTAAAG
TGAAATAGACCTTATTCGTCCTG
AGTTTTCAACAGCCTGGTATCC
GAAAAGTGTAGGCTGGAGCTGC
TTC
For pgaC gene knockout
and confirmation This study
CCAGTAAACGTACTGGTGATTG
TCGGGTCGTAATAATTAAATTG
TTCATAATGGGAATTAGCCATG
GTCC
CGCTCACTGGATGAGCCTAT
ATCCCAATGGCATCGTAAAG
TGGTGCCTGTTGAACTACTCCG
GGCTGAAAACGCCAGTCGGGAG
TGCATCGTGTAGGCTGGAGCTG
CTTC
For bcsA gene knockout
and confirmation This study
CCATAGCCACTGCACAAATCCA
GAATAGTTTTCTTTTCATCGCGT
TATCAATGGGAATTAGCCATGG
TCC
GCAGTCAGGTTCAGGACGAT
ATCCCAATGGCATCGTAAAG
TTTGATATATTTAAAACTTAGGA
CTTATTTGAATCACATTTGAGGT
GGTTGTGTAGGCTGGAGCTGCT
TC For ompX gene knockout
and confirmation This studyAAAAACAAAAATCCGCCCCGAG
AGGCGGATTTTTTATATCACCA
AAGTGAATGGGAATTAGCCATG
GTCC
TABLE S1 continued
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TGACAGGGAAAACATGCGTA
AGGCATTTCAGTCAGTTGCTC
CTCGTTGGAGATATTCATGGCG
TATTTTGGATGATAACGAGGCG
CAAAAAGTGTAGGCTGGAGCTG
CTTC
For ompA gene knockout
and confirmation This study
AAAGGCAAAAAAAACCCCGCA
GCAGCGGGGTTTTTCTACCAGA
CGAGAACATGGGAATTAGCCAT
GGTCC
CCCCGGTGAAGGATTTAAC
AGGCATTTCAGTCAGTTGCTC
CACTGGCTGGTTTCGCTAC For ompA gene
sequencing This studyGCGGCTGAGTTACAACGTCT
TTGGTTGGCAGATGATTTGA
For ompA gene switching
and confirmation This study
ATACCACAGCTTCCGATGGCTTT
TTGCGCCTCGTTATCAT
ATGATAACGAGGCGCAAAAAGC
CATCGGAAGCTGTGGTAT
TTTTTCTACCAGACGAGAACCCT
GGCAGTTTATGCACTCA
TGAGTGCATAAACTGCCAGGGT
TCTCGTCTGGTAGAAAAA
ATCTTGAAAGCGGTTGGAAA
TATGCCTGACGGAGTTCACA
TTGAAGATGCGGAAAACAAA
TABLE S1 continued
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CHAPTER 5. SPECIES-WIDE VARIATION IN THE ESCHERICHIA
COLI OUTER MEMBRANE PROTEIN A INFLUENCES CELL
SURFACE PROPERTIES AND ATTACHMENT TO
ENVIRONMENTAL PARTICLES
Draft of research paper to be submitted to Frontiers in Microbiology
C. Liao, M.L. Soupir, M.L. Thompson, X. Gu, L.R. Jarboe
Abstract
Outer membrane protein A (OmpA) is one of the most abundant outer membrane
proteins of Gram- negative bacteria and has multiple functions. Our previous
characterization of 18 distinct environmental Escherichia coli isolates identified sequence
variations that result in five patterns of OmpA. Here we further surveyed the OmpA
patterns in a larger library of E. coli and characterized polymorphism of OmpA from
different aspects. Through construction of five variants of the K12 lab strain MG1655,
each encoding a different version of OmpA, we found that these naturally-occurring
variations in the amino acids sequence of OmpA plays an important role in shaping cell
properties such as zeta potential and hydrophobicity, as well as the propensity of
attachment to three model environmental particles. We investigated the distribution of
OmpA variation among our 78 environmental E. coli isolates from sediment and water
columns. The results show that sediment isolates are more diverse than isolates from the
water column, in terms of the OmpA patterns. We also found that strains encoding the
same OmpA pattern do not have more closely related genomic backgrounds except for
OmpA2, which implies that OmpA variants are spreading among E. coli through
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horizontal gene transfer. Using phylogenetic analysis, we investigated the polymorphism
of OmpA across the Enterobacteriaceae family. The results show that OmpA of Shigella
share highest similarity with E. coli. Moreover, based on available information of the E.
coli serotype and sequence data, we found that E. coli with same O antigen type encode
the same pattern of OmpA, with rare exceptions. The findings and discoveries obtained
from this study provide insight into outer membrane protein research and application.
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5.1 Introduction
Outer Membrane Protein A (OmpA) is a highly abundant protein embedded in the
outer membrane of Gram-negative bacteria (1). It has been described as a porin for
nonspecific diffusion of small molecules (2), a target for host immune system defense (3-
6), receptor of colicin and bacteriophage (7-10), mediator of plasmid conjugation (11,
12), evasin for pathogenesis of neonatal meningitis Escherichia coli (NMEC) and adhesin
for attaching to both biotic and abiotic surfaces (13-19). It also acts as a rivet which
tethers the outer membrane to the cytoplasmic membrane, contributing to the
maintenance of cell shape and the integrity of the cell envelope (20, 21).
The most well studied OmpA is from E. coli and is composed of a 325 amino-acid
transmembrane peptide with a 21 amino-acid signal peptide (22-26). The N-terminal
moiety consists of approximately 171 amino acids and translocates across the outer
membrane eight times, forming eight β-sheets imbedded in the lipid bilayer, four
relatively big loops on the cell surface and four small periplasmic turns in the periplasmic
space (Figure 1). The C-terminal portion, consisting of approximately 154 amino acids, is
located in the periplasmic space and linked with peptidoglycan (25, 27-31).
OmpA is encoded by almost all Gram-negative bacteria (32-36). Wang’s 2002
comparison of E. coli K1, Salmonella Typhimurium, Shigella flexneri, Enterobacter
aerogenes and Klebsiella pneumonia concluded that the amino acid sequence of the
extracellular loops is greatly variable among genera, while the sequence of the β-sheets is
highly conserved (26). As part of the work presented here, we expand this comparison by
132
analyzing the OmpA variation among common pathogenic bacteria across
Enterobacteriaceae family.
Besides the variation of OmpA sequence among different genera of Gram-
negative bacteria, one novel allele of OmpA has also been reported within E. coli (22,
37).  In our previous study of 18 environmental E. coli isolates, we observed not just this
one previously-reported variation, but five distinct patterns of the OmpA protein
sequence. These five variations of OmpA, which we have named OmpA1 - OmpA5,
differ primarily in their sequence of extracellular loops 2 and 3 (Figure1 and Table 1).
According to our assignment of these patterns, the allele reported by Gophna et al. (2004)
and Power et al. (2006) falls into the category of OmpA4. By replacing OmpA3 in
MG1655 with OmpA4, we found that these two OmpAs render MG1655 with
significantly different zeta potentials and propensity to attach to a variety of
environmental particles (13).
Other studies have demonstrated the importance of OmpA, especially loops 2 and
3, on various aspects of E. coli physiology. For example, a previous study that screened
for ompA mutants of E. coli resistant to phage and colicin found that almost all mutants
had mutations within the loop 2 and 3 region (8). These results suggest that OmpA is
under high selective pressure, leading to the occurrence of mutations in loop 2 and 3.
Through application of computational analysis, Krishnan et al. (2014) reported that
extracellular loops 1, 3 and 4 of OmpA are involved in invasion of NMEC into
macrophage cells by binding to a receptor on the cell surface (38). Hsieh et al. (2015)
examined the ability of short peptides composed of one or two of the four extracellular
loops to protect mice from death after NMEC infection. Their results showed that all of
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the promising protein fragments contained either loop 2 or loop 3, which indicates that
these two loops are important for pathogenesis of NMEC (39). Therefore, the sequence
variations we discovered in OmpA extracellular loops may not just affect E. coli’s
sensitivity to bacteriophages, but also its ability to infect mammalian tissues. It should be
noted that the OmpA used in the studies described falls into our defined pattern OmpA3.
Given the fact that the four extracellular loops are important in the functioning of
OmpA, we aimed to further characterize these five patterns. In this study we investigate
the extent to which different OmpA sequences affect cell surface properties such as
hydrophobicity, zeta potential, as well as the propensity to attach to environmental
particles by constructing five variants of the K12 lab strain MG1655, each encoding a
different OmpA.  Moreover, we confirmed the existence of these five patterns not only in
our collection of 78 distinct environmental isolates, but also as existing in previously-
reported genome sequences. We also analyzed OmpA variation among the
Enterobacteriaceae family and the relationship between the OmpA sequence pattern and
O antigen type with the expectation of shedding light on the evolution of the OmpA
protein and possible positive selection.
5.2 Materials and Methods
Bacterial strains, growth condition and model particles
Seventy eight E. coli isolates used in this study were selected from a pool of 400 strains
isolated from Squaw Creek in Ames, Iowa, as described previously (40). They possess
different genome backgrounds according to repetitive sequence-based PCR (rep-PCR)
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fingerprint analysis. DH5 was used for plasmid construction. An OmpA deficient
MG1655 strain named CL000 was the host for expressing the five different versions of
OmpA. Cells were grown to early stationary phase (OD600 = 1.0 – 1.5) in M9 medium
(41), pH 7.4, with 0.4% (wt/vol) glucose at 37°C, 250 rpm. After harvesting by
centrifugation at 4 °C, 4,000 × g for 15 minutes, they were washed and diluted with
CaCO3 solution, pH 8.0, ionic strength 10mM, for attachment assay, zeta potential and
hydrophobicity measurements. Cells for molecular manipulation were grown in Luria-
Bertani (LB) medium, pH=7.0, at 37°C as needed. Medium was supplemented with 100
μg ml-1 ampicillin when necessary.
Plasmids and strain construction
Plasmid pGEN-MCS is a low copy plasmid which can be well-maintained for generations
without selective pressure (42). Fragments containing the promotor region of MG1655
ompA gene were obtained through PCR. This promoter region was fused with five
different ompA ORFs by application of overlapping PCR. The five distinct fragments
were inserted into pGEN-MCS using restriction endonuclease sites HindIII and NotI
respectively. The five resulting plasmids pGEN-ompA1 to pGEN-ompA5 were
transformed into CL000 respectively. The five resulting strain constructs were named as
CL001 to CL005. All primers and strains used in this study are listed in Table S1.
Attachment assay, zeta potential and hydrophobicity measurement
Zeta potential and hydrophobicity measurements were conducted in CaCO3 solution as
described previously (40). The hydrophobicity measurement was modified slightly
through the use of a multi-tube vortexer (Thermo Fisher Scientific Inc., Waltham, MA,
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USA) at 500 rpm for 10 minutes to homogenize the aqueous and organic phases instead
of vortexing at maximum speed for 2 minutes using a standard vortexer.
The attachment assay was conducted as previously described (13, 43, 44). Final
concentrations of the three model particles for attachment were: 1.06 mg l-1 2-line
ferrihydrite, 1.06 mg l-1 corn stover or 108 mg l-1 Ca-montmorillonite. Bacteria were
added to a concentration of 103 CFU ml-1. Briefly, bacteria were incubated with particles
in CaCO3 solution by shaking at 80 rpm for 10 minutes. Samples were then allowed to
settle for 1 minute for ferrihydrite and corn stover and 180 minutes for Ca-
montmorillonite at room temperature. The upper layer of the settled solution was used to
enumerate unattached bacteria through filtering and culturing. The attached fraction was
calculated by deducting the unattached fraction from the total bacteria added. Calcium
carbonate solution was used due to its similarity to Upper Midwestern U.S. river water
(13).
PCR and gene sequencing
Open reading frames (ORF) of ompA were amplified using Q5 High-Fidelity PCR Kit
(New England Biolabs Inc, Ipswich, MA, USA) and C1000TM Thermal Cycler (Bio-Rad,
Hercules, CA, USA). PCR products were purified using QIAquick Gel Extraction Kit
(QIAGEN, Germantown, MA, USA) according to the manufacture's instruction, and
sequenced at the DNA Facility of Iowa State University. Oligonucleotide sequences used
as primers in this study are listed in Table S1. Each ORF nucleotide sequence was
converted to amino acid sequence using the translate tool
(http://web.expasy.org/translate/). The resulting sequences were aligned using ClustalW
(http://embnet.vital-it.ch/software/ClustalW.html).
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Phylogenetic analysis
Evolutionary trees were generated by the maximum-likelihood principle method using
phylogeny.fr (45) (http://phylogeny.lirmm.fr/phylo_cgi/index.cgi). Briefly, amino acid
sequences were aligned using MUSCLE (v3.7) (46) and curated using Gblocks (v0.91b)
(47). Trees were then constructed using the maximum likelihood method implemented in
the PhyML program (v3.0) (48) and graphical visualized by TreeDyn (v198.3) (49).
Statistical significance of each branch was assessed using bootstraps.
Statistical analysis
All statistical analyses were performed using R programming (ver. 3.1.3, Institute from
Statistics and Mathematics, Vienna University of Economics and Business, Vienna,
Austria). Mann Whitney Wilcoxon Rank Sum test was employed to determine
distribution of zeta potential and hydrophobicity among isolates with different OmpA
patterns. Attachment assay, zeta potential and hydrophobicity were all performed in
triplicate. Permutation test was conducted to determine whether isolates encoding the
same OmpA have more similar genomic background.
5.3 Results
Sequence variations in OmpA impact cell properties in MG1655 (Table 1 and figure
2)
It was found in our previous study that environmental isolates encoding different
OmpA attach differently to a model organic particle, corn stover, and possess
significantly different zeta potentials when evaluated at pH 8.0. Similarly, when the
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native OmpA3 of E. coli MG1655 was replaced with a gene encoding OmpA4, the zeta
potential and attachment ability to three model particles, corn stover, Ca-montmorillonite
and ferrihydrite, were significantly altered (13). Here we expand this characterization to
the other three OmpA patterns.
From the amino acid sequences of the four extracellular loops, we calculated the
pI and charge at pH 8.0 for these five OmpA variants (Table 1). These predicted values
indicate that among these variants, the pI ranges from 5.59 to 6.77 and the charge ranges
from -1.5 to -4.4. It should be noted that these predictions do not consider potential
domain folding or post translational modification. Our two previously characterized
variants, OmpA3 and OmpA4, have the highest estimated pI (6.77 and 6.53) and least
negative estimated charges (-1.5 and -1.5) of the five variants. Despite this similarity in
their estimated pI and estimated charge, our previous analysis showed that these two
different OmpAs were associated with significant changes in cell surface properties. The
other three OmpA variants have estimated pIs and charges that are quite distinct from
OmpA3 and OmpA4 and thus we sought to experimentally characterize these other
variants.
In order to distinguish changes in cell properties caused by OmpA from changes
in cell properties due to other genetic factors, we deleted OmpA3 from the MG1655
genome and individually cloned each of the five variations into plasmid pGEN-MCS.
Each of the five strains, CL001 – CL005 were then subjected to zeta potential and
hydrophobicity measurements, as well as attachment assays to our three model
environmental particles: Ca-montmorillonite, corn stover, and ferrihydrite.
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As shown in Figure 3, the strain expressing OmpA2 has the most negative zeta
potential, while OmpA1 has the least negative zeta potential. This fact is interesting since
the theoretical analysis shown in Table 1 predicted that OmpA1 would have the most
negative charge. This difference in the predicted and experimentally-measured values can
possibly be attributed to folding or post-transcriptional modification of the extracellular
loops, which were not considered in the theoretical analysis. Another possible
explanation is confounding factors from other outer membrane proteins and surface
features whose abundance may be somehow altered when cell express different versions
of OmpA.
The strain expressing OmpA2 also has the highest hydrophobicity among the five
constructs, almost nine times higher than the lowest hydrophobicity, which was
associated with expression of OmpA5. It is interesting to note that even though OmpA2
and OmpA3 only differ by three amino acids on the extracellular loops (Table 1), their
expression is associated with a greater than 4-fold change in cell surface hydrophobicity
(Fig. 2).
Sequence variations in OmpA attachment in MG1655
Attachment of bacteria to particles in stream makes it difficult to predict transport
and fate of bacteria, which is relevant to public health (50). In our previous study, we
replaced OmpA3 of MG1655 with OmpA4 and found that the strain expressing OmpA4
had higher attachment ability to corn stover (13).  Here, we observed that MG1655 ompA
deletion mutants modified to express the five distinct OmpA variants also had
significantly altered attachment to three model environmental particles (Fig. 3). Note that
our three model particles include two minerals, Ca-Montmorillonite and ferrihydrite, and
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one organic particle, corn stover. These three particles are common in the streams of the
Upper Midwestern U.S.. Each of these particles has different surface chemistry, so the
nature of their interaction with bacteria is expected to differ.
Attachment to Ca-montomorillonite was shown to be significantly higher for the
strain expressing OmpA1 relative to the strains expressing OmpA4 and OmpA5 (Fig. 3).
When we measured attachment to corn stover, the strains expressing OmpA1 showed
significantly increased attachment relative to OmpA5 and OmpA3. The strain expressing
OmpA3 had the lowest attachment ability to corn stover (Fig. 3). Attachment to
ferrihydrite fell into two distinct groups: the strains expressing OmpA1 or OmpA3
showed significantly higher attachment than the strains expressing OmpA2, OmpA4 and
OmpA5. As with OmpA3 and corn stover, strains expressing OmpA2 and OmpA5
showed extremely low attachment to ferrihydrite compared to other variants.
Expression of OmpA1 enabled the highest attachment to each of the three model
particles. OmpA2 differed significantly from OmpA1 and OmpA3 in regards to
ferrihydrite, but was never significantly distinguishable from OmpA4 or OmpA5.
OmpA4 and OmpA5 each significantly differed from all other patterns except OmpA2
for at least one particle type. OmpA5 significantly differed from OmpA1 in regards to the
attachment to abiotic particles Ca-montmorillonite and ferrihydrite, but not in regards to
corn stover (Fig. 3). These results demonstrate the impact that minor variations in the
OmpA sequence can have on cell surface properties and attachment behavior.
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Distribution of OmpA patterns among 78 environmental isolates (Table 2 and figure
4)
Our previous observation of these five OmpA sequences included only 18
environmental E. coli isolates (13). To obtain a more thorough survey of OmpA sequence
patterns among E. coli isolates from river water and sediment, we sequenced the ompA
gene of 60 additional isolates. As mentioned previously, these 78 isolates were selected
from a collection of 400 environmental isolates using rep-PCR fingerprint cluster
analysis (40). Of these 78 environmental isolates, 45 are from the sediment and the
remaining 33 are from the water column (40). Thus, this expanded set of isolates should
provide insight into the frequency of these OmpA patterns in sediment-associated strains
and water-associated strains.
This expansion of our set of focal isolates did not identify any new OmpA
sequence patterns: all sequences fell into our five previously-defined patterns (Table 2).
However, it should be noted that for some isolates, there is one or two amino acids
drifting from the type pattern. For example, two isolates differed from the SVE loop 2
sequence within the OmpA1 pattern: isolate 103 had the sequence SVA and isolate 105
had the sequence SVV. Also, four isolates within pattern 4 had one or two amino acids
drifting towards the end of loop 4 (Table S2). Having confirmed the existence of only
five OmpA sequence patterns in our isolate collection, we sought to answer two
questions: (1) are any OmpA sequences strongly associated with one habitat versus the
other; and (2) what is the prevalence of each of the five OmpA patterns.
As shown in Table 3, most of the OmpA patterns are roughly equally distributed
between sediment-associated strains and water-associated strains. For example, six
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isolates encode OmpA1, half of which are from sediment. Similarly, roughly half of the
29 isolates encoding OmpA3 and the 35 isolates encoding OmpA4, are from sediment.
Contrastingly, all of the seven isolates encoding OmpA2 were isolated from sediment.
The only isolate encoding OmpA5 is from sediment. While these sample sizes are small,
especially in the case of OmpA5, this suggests the intriguing possibility that the OmpA
sequence can influence the environmental distribution.
Figure 4 shows the prevalence of each of the five OmpA patterns in our overall
isolate collection and from each of our two sampling environments. For both sampling
environments, the most prevalent OmpA patterns are OmpA3 and OmpA4, while
OmpA5 is the least prevalent. OmpA1 and OmpA3 have roughly the same prevalence in
both sampling locations. Each of the five OmpA patterns were observed in the set of
sediment-associated isolates, but only three patterns (OmpA4, OmpA3 and OmpA1) were
detected in the water-associated isolates. As mentioned above, it is interesting to note that
OmpA2 is completely lacking in the water-associated isolates.
While our categorization of these five OmpA patterns is based on our analysis of
only 78 E. coli isolates from a very small geographical region, we confirmed the
existence of these same OmpA sequences in a variety of publically-available E. coli
sequences (Table 2). Thus, these five patterns have previously been acquired in
sequencing projects but have, until this point, remained unnoticed. Just as we discovered
for the environmental isolates, OmpA3 and 4 are also the most prevalent in the database.
Zeta potential is significantly associated with OmpA sequence
As shown in Figure 2, four strain CL000 expressing different versions of OmpA,
zeta potential can significantly vary according to the OmpA pattern. These results are
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consistent with our previous study of 18 distinct environmental isolates. Specifically,
isolates  encoding OmpA4 were found to have a more negative zeta potential than those
encoding OmpA3, isolates with loop 2 sequence DNI have a more negative zeta potential
than those with loop 2 sequence SVE, and isolates with loop 3 sequence
KANVPGGASFK have a more negative zeta potential than those with loop sequence as
KSNVYGK (13).
Here we expanded this analysis to include all 78 isolates (Fig. 5). The results
show that for E. coli isolated from sediment (n = 45), pattern 4 (n=18, mean=-26.9mV)
isolates have a more negative zeta potential compared to pattern 3 isolates (n=16, mean=-
23.7mV) (P = 0.058); isolates with loop 2 sequence DNI (n = 19, mean = -26.9mV) have
a more negative zeta potential compared to isolates with loop 2 sequence SVE (n = 26,
mean = -24.4) (P = 0.04). These results are consistent with our previous study of 18
isolates. No significant differences were found for isolates encoding other OmpA patterns
or for the water-associated isolates.
Considering the fact that CL001 to CL005 all have different zeta potentials (Fig.
2), this result suggests that, besides OmpA, other surface structures also contribute to the
overall cell surface properties. The fact that no difference was found for isolates from the
water column suggests that OmpA pattern may be a greater contributor of zeta potential
to isolates from sediment than those from water columns. No difference was found when
we did similar statistical analysis for hydrophobicity.
OmpA2 is possibly a newly-emerged pattern
Having demonstrated that these naturally-occurring sequence variations in OmpA
contribute significantly to cell properties and attachment behavior, we aimed to
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investigate the emergence and spread of these variations. As mentioned above, in our
previous study (40) we used rep-PCR to differentiate the environmental isolates in the
genome level. During this process, a similarity score was generated for each pair of
isolates. These pairwise similarity scores range from 0 to 89.1%. For each group of
isolates encoding the same OmpA pattern, we can calculate a mean pairwise similarity
score (Table 3). With this information, we can test our hypothesis that isolates encoding
same OmpA have more closely related genomic background.
Permutation tests were performed for OmpA1, OmpA2, OmpA3 and OmpA4;
OmpA5 was excluded because it was only present in one isolate (Table 3). This
permutation test is briefly summarized here, using OmpA2 (n=7) as an example. Each
round of analysis involved random selection of seven isolates and calculation of the mean
pairwise similarity score for this random group. This mean similarity score was then
compared to the mean similarity score for the seven isolates known to encode OmpA2. If
the OmpA2-encoding strains have a higher mean similarity score than the randomly-
selected strains, it suggests that the OmpA2-encoding strains are more closely related
than the randomly-selected strains. The result of this analysis was a means.test of 0.96 for
OmpA2, meaning that in 960 out of 1000 simulations, the OmpA2-encoding strains had a
higher mean similarity score than the randomly-selected strains. Similar analysis was
performed for the other OmpA patterns, but only OmpA2 was found to have a significant
means.test value (Table 3).
These results indicate that OmpA2 isolates are more genetically similar to each
other than other isolates. This could be interpreted as evidence that OmpA2 is a newly-
emerged pattern and that little genomic drift has occurred among the descendants of the
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strain originally encoding this new variation, or that this newly-emerged pattern has not
yet spread widely among E. coli. This is consistent with our finding that OmpA2 is rare
in the NCBI database compared to other patterns. Though OmpA5 is also rare in the
NCBI data base, no such conclusion about OmpA5 can be drawn in our study because
there is only one OmpA5 isolate in our collection.
Besides the pairwise similarity score generated from genome-wide rep-PCR
fingerprint analysis, we also obtained another pairwise similarity matrix based only on
ompA sequences of the 78 isolates. These pairwise similarity scores range from 94.3% to
100%. Comparison of these two scores can provide insight into the drift and selective
pressure on ompA relative to the rest of the genome.
We compared the ompA similarity scores and genome similarity scores. The
results show that isolates close to each other in the genomic level can have totally
different OmpA pattern, and that isolates encoding the same OmpA can have very
different genomic background. It means that the spreading of OmpA variants is not
constrained to the way of passing from parent cell to daughter cell. Thus, the results
might imply that the different alleles of OmpA are spreading among E. coli through
horizontal gene transfer (HGT) mediated by vectors such as plasmids and phage, or via
taking up exogenous DNA fragments and incorporating into genome through
recombination.
OmpA of Shigella share highest similarity with E. coli
OmpA is a major outer membrane protein of Gram-negative bacteria, and is
highly conserved among some bacteria in Enterobacteriaceae family (23, 51). Here, we
present a comprehensive phylogenetic tree generated based on the ompA gene sequences
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of representative members in the Enterobacteriaceae family. Twelve intestinal
pathogenic E. coli isolates related to waterborne diseases were included to represent
Enteroaggregative E. coli (EAEC), Enterotoxigenic E. coli (ETEC), Enteropathogenic E.
coli (EPEC), Shiga toxin producing E. coli (STEC) and Enteroinvasive E. coli (EIEC).
Nine strains of S. flexneri, S. boydii, S. dysenteriae and S. sonnei representing human
pathogenic bacteria genus Shigella; three strains from genus Escherichia, E. albertii, E.
fergusonii and E. vulneris; one of each of the following bacteria: Salmonella enterica,
Yersinia pestis, Klebsiella pneumoniae and Raoultella planticola were also included in
this tree. All ompA gene sequences except our environmental isolates were obtained from
NCBI.
As shown in Figure 6, within the genus Escherichia, E. vulneris shares the least
similarity with E. coli, even less than Salmonella and Shigella species. Of the three
strains of Shigella dysenteriae, two of each encodes OmpA1 and OmpA3, the third
encodes an OmpA with OmpA3’s loop 2 and OmpA4’s loop 3. The two strains of
Shigella flexneri encode OmpA3 and OmpA4, respectively. Salmonella enterica encode
an OmpA similar to OmpA4 with two drifting on loop2, three drifting on loop 3, and 12
drifting at other positions.
The ompA genes of Shigella and E. coli are highly similar to each other with
identities as high as 100%. Klebsiella and Raoultella are closer to each other with
moderate identities (around 86%) to E. coli, and the differences occur both within and
without the extracellular loops. Yersinia is an outgroup with identities of only 74% to
MG1655 ompA gene.
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Besides Yersinia pestis shown in the phylogenetic tree, other species of Yersinia,
such as Yersinia enterocolitica and Yersinia pseudotuberculosis, also have relatively
more divergent ompA sequences relative to other members of the Enterobacteriaceae
family. Their variation occurs across the whole protein when compared with E. coli. A
recent study sequenced ompA within 318 Y. enterocolitica isolates and found 23
nucleotide sequence types, though an exploration of the protein patterns has not yet been
described (52).
The phylogenetic tree consists of three sub-clusters. The first and biggest cluster
includes genera Escherichia, Shigella and Salmonella; the second contains Klebsiella and
Raoultella; the third is Yersinia. In the first sub-cluster, strains encode the five OmpA
patterns or sequences that are very similar to our identified OmpA patterns (Fig. S1). For
example, as the outgroup of the sub-cluster, E. vulneris encodes an OmpA with loop 2 as
DNV and loop 3 as KAQVPGTGASFK, which is most similar to our OmpA4 relative to
the other four patterns. Therefore, it is possible that OmpA4 is the most ancient of our
five E. coli OmpA patterns. K. pneumonia and R. planticola compose the second sub-
cluster of the tree, as their ompA sequences are more similar to each other than to the
other species analyzed here. Specifically, they both have a five amino acid insertion of
GFQNN on loop1 near to the position where variants occur among our five standard
patterns. SVD instead of SVE as loop 2 and ADGNYGSTGVSRS as loop 3. In the third
sub-cluster, Y. pestis differs from the other sub-clusters not only within all four
extracellular loops, but also at other positions.
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Isolates with the same O antigen tend to have the same OmpA pattern
Lipopolysaccharides (LPS) are large molecules anchored on the outer membrane
of Gram-negative bacteria. The O antigen is a repetitive glycan polymer domain of LPS
which is exposed on the cell surface. The composition of monosaccharide and sugar
linkages of the glycan polymer causes variation in the O antigen, resulting in 180 distinct
types of E. coli O antigen (53). This highly variable, surface exposed component of LPS
is an important indicator of pathogenesis and a target of host immunology defense (53,
54). Previous studies proposed that LPS may play an important role in the biosynthesis
and appropriate distribution of OmpA within the cell membrane (55-57). To the best of
our knowledge, no follow-up studies have been described for this hypothesis. Here, we
explored the relationship of OmpA pattern with O antigen type.
Shiga toxin producing E. coli (STEC) is a group of highly virulent intestinal
pathogenic E. coli which can cause severe life-threatening complications. A recent study
by Trees et al. (2014) sequenced 228 STEC isolates representing 32 serotypes with
known pulsed-field gel electrophoresis (PFGE) types (58). These isolates represent 21
different O antigen types. Strains with the same O type can have different H type. For
example, among the 5 strains encoding the O103 antigen, three have the H2 antigen, one
has the H11 antigen and the other has H25. We found that despite this variation of the H
antigen, these five isolates all encode OmpA3 (Table 4). Similar results were obtained for
the 26 strains encoding O121 type antigen: 20 are H19 and six are H7, but all 26 strains
encode OmpA4. The only exception is O145. All of the thirteen O145:NM strains encode
OmpA1 while one strain (O145:H28) encodes OmpA3. Note that all of the other four
O145:H28 strains with available sequence information in NCBI encode OmpA1 instead
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of OmpA3. However, we did see one O145:NM and one 145:H25 strains encoding
OmpA3. We also examined more O121 STECs available in NCBI with different H type
and found that they all encode OmpA4 with no exception (Table 4). We also surveyed the
relationship of OmpA pattern with H antigen and no trends were found.
These results are supportive of the previously-suggested hypothesis that the
OmpA sequence and function and the LPS structure and composition are related and
demonstrate that same O antigen type isolates encode the same pattern OmpA with rare
exceptions. With more strains of E. coli being subjected to genome sequencing in the
future, we can draw a more accurate conclusion about the relationship of antigen type
with OmpA patterns.
5.4 Discussion
In this study, we found that five different versions of OmpA render different
hydrophobicity, zeta potential and attachment ability to E. coli MG1655. Each of the five
versions of OmpA significantly differs from the other variants in regards to at least one of
these experiments metrics. For example, OmpA2 renders the most negative zeta potential
and the highest hydrophobicity among these five patterns. These significant differences
are somewhat surprising, considering that OmpA2 differs from OmpA3 by only one
amino acid in loop 1 and two amino acids in loop 3 (KSNVYGK vs KSNFDGK). These
differences in cell surface properties can be attributed to the variation in amino acid
sequence of extracellular loops, as well as the possible post-transcriptional modification
of different amino acid residues.
149
Besides the OmpA variation among the same species E. coli, we also did
phylogenetic analysis for OmpA across Enterobacteriaceae family. We found that E. coli
and S. dysenteriae share the same OmpAs (Fig. 6).  Shiga toxin encoding genes are
reported to be transmitted from S. dysenteriae to E. coli through bacteriophage (59). The
resulting STEC, such as O157:H7 and O104:H4, cause severe food-borne disease
outbreaks the past years. Our finding about E. coli and S. dysenteriae share same OmpAs
implies that OmpA is a key link in these public health events caused by phage mediated
horizontal gene transfer.
OmpA is an outer membrane protein with many previously-described
biotechnological applications. It can be used as a carrier protein for surface display of
foreign peptides for acting as biocatalyst, bio-chelate (60), and vaccine (61, 62), as well
as used for peptide library screening (63-65). Better understanding of naturally-occurring
polymorphisms within OmpA, their evolution, and their contribution to OmpA function
can facilitate such applications.
Stapleton et al. reported that among the 43 lipid facing amino acids within the
eight b-barrel strands of OmpA, about two-thirds are replaceable without impairment of
function and proper insertion of OmpA within the membrane (66). Here we observed
drifting of only 2 of the 95 total amino acids in these 8 strands. The two amino acids,
I93V and Y129W in the OmpA3 notation, are both lipid-facing. This means that
compared to the surface displayed loops of OmpA, the β-barrel strands have experienced
less drifting. Given that Stalepton’s analysis suggests that most of the amino acids in
these strands are replaceable, this leads to the proposition that other proof-reading
mechanisms may exist which restrict the sequence drifting.
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The standard proposed structure for OmpA is an eight-stranded β-barrel formed
by N-terminal (8, 67). However, a 16-stranded β-barrel involving an additional eight-
stranded β-barrel formed by the C-terminal domain has also been proposed (68, 69).
Specifically, Zakharian and Reusch (2005) speculated that the 16 stranded β-barrel
conformation is the native fully folded form while the 8 stranded β-barrel is a stable
intermediate (70). This controversy about which model is the normal structure of OmpA
inserted in outer membrane is unsolved. Our finding regarding the polymorphism of
OmpA might provide insights into this issue by supporting the standard eight stranded β-
barrel model. We support the standard 8-stranded model based on the consideration that
if there are indeed eight additional extracellular loops, more amino acid sequence drifting
should be found in the 154 residues C-terminal other than the two amino acids drifting
that we observed.
Extracellular loops are directly exposed to environmental chemicals which stand
higher selection pressure in the process of evolution. The high level variation of OmpA
extracellular loops can be attributed to intense selective pressure by the mammalian
immune system, considering that E. coli is a closely mammal related bacterium. Our
finding of the diversity of extracellular loops can provide an insight for pathogenicity
research for E. coli. A study by Wang et al. (2003) reported the species-wide variation of
flagellin gene encoding H antigen among E. coli isolates. They state that a selective
advantage of only 0.1% for one allele over another is sufficient for its maintaining in a
specific niche (71). Further investigation is needed to reveal the possible advantage
conferred by specific OmpA pattern for fitness in particular niche.
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TABLES
TABLE 1 Distinct OmpA sequence patterns have different predicted isoelectric point (pI) and charge. The amino acids that differ
among patterns are shown in bold red font. Estimated pI and charge at pH 8.0 were calculated from the sequence of four outer
membrane loops using PROTEIN CALCULATOR v3.4. These calculations were made with no consideration of domain folding or
post translational modification.
OmpA Pattern Standard Sequence OmpA1 OmpA2 OmpA3 OmpA4 OmpA5
Amino acid
sequence
Loop 1 QYHDTGFIXNNGPTHEN D D N P D
Loop 2 MPYKGXNGA SVE SVE SVE DNI DNI
Loop 3 KXK AHNNVTGESE SNFDG SNVYG ANVPGGASF SNVYG
Loop 4 TNNIGDAXTIGTRPDNG H H H N H
Estimated pI 5.59 5.64 6.77 6.53 6.25
Estimated charge -4.4 -3.5 -1.5 -1.5 -2.5
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TABLE 2 OmpA patterns of 78 river isolates [45 from sediment (black), 33 from water (red)]. These 78 isolates were selected from a
library of 400 E. coli environmental isolates (#1-200 from sediment, #200-400 from water) based on their rep-PCR pattern. See
supplemental data for NCBI accession numbers of the strains possess the corresponding OmpA patterns.
Sequence
Pattern
Environmental isolate collection
Strains possessing the OmpA pattern from NCBI
Number
(percent) from
sediment
Number (percent)
from water
OmpA1 3 (50) 3 (50) E. coli O145:H28 str. RM12581, linked to the 2010 multi-state outbreak ofinfection associated with consumption of shredded romaine lettuce.
OmpA2 7 (100) 0 (0) E. coli O83:H1 str. NRG 857C, associated with Crohn's disease
OmpA3 16 (55) 13 (45) E. coli MG1655
OmpA4 18 (51) 17 (49) enterotoxigenic E. coli (ETEC) strain E24377A; serotype O139:H28
OmpA5 1 (100) 0 (0) E. coli ECONIH1, a multidrug resistant strain isolated from hospital
environment
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TABLE 3 Permutation test. Mean of genomic similarities among OmpA2 strains is
bigger than any randomly sampled seven strains from the 78 strains pool. The means.test
> 0.95 indicate that for 1000 times simulations, more than 950 times the observed mean
is higher than the simulation mean. This is a one-sided test of whether a group of isolates
with the same OmpA are more closely related than a group of isolates randomly selected.
It means that genome of pattern 2 strains have less drifting from each other. It also means
that pattern 2 OmpA recently emerged. See supplemental data for the pair-wise similarity
level of rep-PCR fingerprints among the 78 isolates.
Isolates Mean similarity score
of isolates
Mean similarity score of
randomly-selected  groups Means.test
*
OmpA1 (n = 6) 50.0 49.5 0.50
OmpA2 (n = 7) 60.8 49.5 0.96
OmpA3 (n = 29) 47.5 49.7 0.21
OmpA4 (n = 35) 54.0 49.7 0.17
OmpA5 (n = 1) - - -
*Means.test = 0.96 indicate that for 1000 times simulations, 960 times the observed mean
is higher than the simulation mean.
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TABLE 4 Summarization of OmpA pattern of STECs. Analysis of 249 STECs’ OmpA
pattern indicate that same serotype isolates have the same OmpA pattern, or that same O
serotype isolates have the same OmpA pattern with rare exceptions. See supplemental
data for GenBank accession numbers.
O Serotype H Serotype(Number of strains) OmpA pattern
STECs from literature (ref) 1 2 3 4 5
O103
H2 (3)
×H11 (1)
H25 (1)
O104 H4 (1) ×H21 (1)
O111 H8 (4) ×NM (32)
O113 H21 (1) ×
O118 H16 (4) ×
O119 H4 (1) ×
O121 H7 (1) ×H19 (25)
O123 H11 (1) ×
O145 H28 (1) ×NM (13) ×
O153 H2 (1) ×
O156 H25 (1) ×
O157 H7 (91) ×NM (1)
O165 H25 (1) ×
O174 H8 (1) ×H21 (1)
O177 NM (1) ×
O26 H11 (24) ×NM (2)
O45 H2 (4) ×
O55 H7 (1) ×
O69 H11 (4) ×
O79 H7 (1) ×
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O91 H14 (2)
×H21 (1)
NM (1)
Other STECs
O113 H21 (2) ×
O121
H19 (2)
×NM (1)
NA* (4)
O145
H28 (4)
×NM (1)
NA* (3)
H25 (1)
×NM (1)
TABLE 4 continued
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FIGURES
FIGURE 1. N terminal of four OmpAs aligned to OmpA3 respectively. (A) OmpA1; (B) OmpA2; (C) OmpA4; (D) OmpA5.
Structure alignments were generated using software Swiss-PdbViewer. Black -- OmpA3 (reference OmpA); Yellow -- OmpA
subjected to alignment; Pink -- sequence drifting on loop 1; Orange -- sequence drifting on loop 2; Red -- sequence drifting on loop 3;
Blue -- sequence drifting on loop 4.
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FIGURE 2. Cell surface properties of strains CL001 to CL005 expressing the five
different OmpA alleles on plasmid pGEN-MCS respectively. (A) Zeta potential; (B)
Hydrophobicity. Bacteria were grown at 37 °C, 250 rpm in M9 minimal medium to early
stationary phase. Cells were harvested by centrifuge at 4 °C, 4000 × g for 15 minutes,
washed,  and resuspended in CaCO3 solution (pH=8.0, ionic strength=10mM) to OD =
0.1 for zeta potential measurement. All measurements were performed in triplicate.
Different superscript letters indicate significant differences, as determined by t-test with
cutoff as P<0.05. Error bars are the standard errors of three replicates.
165
166
FIGURE 3. Attachment ability of strains CL001 to CL005 expressing the five different
OmpA alleles on plasmid pGEN-MCS. (A) Attachment to Ca-montmorillonite; (B)
Attachment to corn stover; (C) Attachment to ferrihydrite. Bacteria were grown at 37 °C,
250 rpm in M9 minimal medium to early stationary phase. Cells were harvested by
centrifuge at 4 °C, 4000 × g for 15 minutes, washed,  and resuspended in CaCO3 solution
(pH=8.0, ionic strength=10mM). Cells and particles were incubated together in tubes for
attachment occurring. Particle associated cells were then separated from unattached cells
by gravity. Concentrations of bacteria in the two partitions were used for calculation of
attachment ability. Different letters indicate significant differences, as determined by
student t-test with P value cutoff as P<0.05. Error bars are the standard errors of three
replicates.
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FIGURE 4. Distribution of five OmpA patterns among (A) all of our collection (both
water and sediment isolates), n = 78; (B) sediment isolates, n = 45; (C) water isolates, n =
33.
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FIGURE 5. Relationship of OmpA pattern with cell properties. For E. coli isolated from sediment, pattern 4 isolates have more
negative zeta potential compared to pattern 3 isolates (P = 0.058). Isolates with Loop 2 sequence as DNI have more negative zeta
potential compared to isolates with loop 2 sequence as SVE (P = 0.04). Mann-Whitney-Wilcoxon rank sum test was used for statistical
analysis.
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FIGURE 6. Phylogenetic tree of different pathogenic E. coli, environmental isolates, and
other bacteria from the Enterobacteriaceae family. The tree is generated based on amino
acid sequence alignment using the maximum-likelihood principle method. Five
environmental isolates with different OmpA patterns, 12 intestinal pathogenic E. coli
related to waterborne diseases EAEC, ETEC, EPEC, STEC and EIEC, three strains from
genus Escherichia, E. albertii, E. fergusonii and E. vulneris, one human pathogenic
Salmonella strain S. enterica, nigh strains from genus Shigella, and three other bacteria
from the family Enterobacteriaceae: Yersinia pestis, Klebsiella pneumoniae and one
Raoultella planticola were included in this tree. See supplementary data for GenBank
accession number of strains used in this tree. The value adjacent to a node is the
percentage of 500 bootstrap trees that contain the node. Only those greater than 50% are
shown. The scale under the tree shows the length of branch that represents 10 amino acid
changes per 100 amino acid site.
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SUPPLEMENTARY DATA
TABLES
TABLE S1 Strains, plasmids and primers used in this study.
Purpose or description Reference or source
strains
78 E. coli isolates from
river
78 isolates selected from a 400
river isolates through rep-PCR This study
E. coli MG1655 Control strain Lab strain
CL000 OmpA-deletion mutant ofMG1655
Reference paper, C. Liao
and et al. (2015)
CL001 CL000 that encode OmpA1 This study
CL002 CL000 that encode OmpA2 This study
CL003 CL000 that encode OmpA3 This study
CL004 CL000 that encode OmpA4 This study
CL005 CL000 that encode OmpA5 This study
plasmids
pGEN-MCS
Empty vector for expression of
OmpA;
p15A origin of replication; par
hok sok mok parM parR
(AmpR)
Reference paper, Lane
MC and et al., (2007)
pGEN-ompA1 For expressing OmpA1 This study
pGEN-ompA2 For expressing OmpA2 This study
pGEN-ompA3 For expressing OmpA3 This study
pGEN-ompA4 For expressing OmpA4 This study
pGEN-ompA5 For expressing OmpA5 This study
Primers (5’-3’)
CACTGGCTGGTTTCGCT
AC For ompA sequencing of river
isolates This studyGCGGCTGAGTTACAAC
GTCT
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ATCGAAGCTTAGGCTT
GTCTGAAGCGGTTT
For obtaining promotor of
MG1655 OmpA This study
This study
This study
CAGTGTCATGGTACTG
GGACCAGCCCAGTTTA
GCACCAGT
ACTGGTGCTAAACTGG
GCTGGTCCCAGTACCA
TGACACTG For PCR to obtain fragment of
ompA gene with promotor
ATCGGCGGCCGCttaAG
CCTGCGGCTGAGTTA
CCCCGGTGAAGGATTT
AAC For PCR and sequencing to
confirm constructionsCTTTTCGTTGGGATCTT
TCG
TABLE S1 continued
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TABLE S2 OmpA pattern of 78 environmental isolates [45 from sediment (black), 33
from water (red)]. These 78 isolates were selected from a library of 400 E. coli isolates
(#1-200 from sediment, #200-400 from water) based on their rep-PCR pattern.
Pattern according to loop 2 and 3 Isolate number
OmpA1 3a, 62, 144, 205, 308, 342,
OmpA2 36, 111, 122, 127, 128, 141, 185
OmpA3
9, 16, 26, 28, 48, 60, 69, 84, 105b, 108, 130,
147, 157, 182, 186, 196, 201, 204, 211, 226,
230, 270, 284, 286, 289, 292, 313, 315, 331
OmpA4
6 , 8, 13, 18, 32, 53, 57, 83, 89, 98, 100c, 110,
117, 146, 148, 158, 160, 184, 206, 207, 217,
222, 236, 248, 249d, 256e, 257, 280, 281, 298,
307, 329, 333, 385f, 391
OmpA5 44
a isolate 3 with loop 2 as SVA
b Isolate 105 with loop 2 as SVV
c Isolate 100 with loop 3 ANVPGVASF
d Isolate 249 with loop 3 ANVPGGVST
e Isolate 256 with loop 3 ANVPGGAST
f Isolate 385 with loop 3 ANVPGGASY
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FIGURE S1. Alignment of OmpA sequences. Bacteria included in this figure are the same as the ones used in phylogenetic tree
except the model strains of pathogenic E. coli.
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CHAPTER 6. SUMMARY AND FUTURE WORK
6.1 Summary
This work has focused on the identification of genetic factors that drive
attachment of bacteria to sediment particles with the goal of improving bacterial
transportation modeling in open water by extending our understanding of bacteria-
particle interaction.
Although attachment of bacteria to plant tissues such as root, leaves, and fruit rind
have been extensively studied, the genetic factors involved in attachment to particles in
aquatic environment are still unknown. Previous research about bacteria-sediment
attachment has been focused on bacterial properties such as motility, surface charge and
hydrophobicity. Given the fact that these properties are determined by cell surface
structures such as flagella, extracellular polysaccharides and outer membrane proteins, it
is reasonable to step forward and investigate the role of these genetic factors in shaping
cell surface properties and attachment behavior. Furthermore, instead of conducting
attachment assays under lab conditions, in this study, we isolated 400 E. coli from a local
creek and assessed their attachment propensity to three model particles under
environmental relevant conditions. All of the efforts made were intended to generate
reliable conclusions which can be applied for accurate modeling of bacterial
transportation.
We analyzed three bacterial surface structures that have high potential in affecting
bacterial attachment, outer membrane protein, flagella, and EPS. Four hundred strains
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were isolated from sediment and water sampled from a local creek from 2012 fall to 2013
spring at two locations along the flow. “Finger prints” of these E. coli strains were
obtained by conducting repetitive sequence-based PCR and used for differentiating and
clustering the strains. Through employing the software Bionumerics for comparing and
clustering, 78 strains with different genomic backgrounds were selected as the subjects
for following experiments or for further characterization.
Cell properties including hydrophobicity, zeta potential, net charge, total acidity
and extracellular polymeric substance (EPS) composition were measured and compared
between isolates from sediments and water columns. We found that isolates from
sediment had greater hydrophobicity, more EPS protein and sugar content, and higher
point of zero charge, but less negative net charge than isolates from water columns.
Moreover, a significant positive correlation was observed between hydrophobicity and
EPS protein content for stream sediment E. coli, but not for stream water E. coli.
Attachment abilities of these strains to three model particles were also tested.
Eighteen strains featuring interesting attachment behaviors were selected for
investigation of genetic factors. Flagella are one of the most remarkable surface
structures which protrude from the cell surface and can be ten times longer than the cell
itself. We removed flagella of 18 strains by blending using a homogenizer and subjected
them to attachment assay. The results show that blending affects the attachment ability as
a function of not only strain type (genotype) but also particle type.
The fact that all of our 18 E. coli strains still demonstrate attachment to at least
one particle type after flagella removal demonstrates that flagella are not essential for
establishing attachment.
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To test our hypothesis that outer membrane proteins which were exposed to
environment after flagella-removal also contributed to the attachment process, proteomic
analyses of outer membrane protein were conducted. Outer membrane proteins of each
strain were extracted and subjected to two dimensional separations. Protein expression
profiles were compared between the groups of strains obtaining increased or decreased
attachment ability to the group of strains has no change in attachment. Two outer
membrane proteins OmpA and OmpX were found to be the ones possess great potential.
As one of the most abundant outer membrane proteins of Gram-negative bacteria, OmpA
was found to have five alleles among our isolates. Comparison between isolates encoding
two of the most prevalent OmpA patterns demonstrate that OmpA contribute to cell
surface net charge and attachment to corn stover. It was also confirmed by conducting of
gene swapping.  OmpX is also a transmembrane protein which shares similar structure
with OmpA. However, no polymorphism was found for it. OmpX-deficient MG1655 has
decreased attachment ability to two of our three model particles.
We also examined role of extracellular polysaccharide (EPS) in attachment. Three
main components of bacterial EPS, cellulous, colanic acid and poly-β-1, 6-N-acetylD-
glucosamine (PGA) were reported to be involved in bacterial attachment to plant tissues.
In our study, through gene deletion and comparative attachment assay, we found that
colanic acid-deficient MG1655 demonstrate higher attachment ability to ferrihydrite
compared to the wild type. Cellulous and PGA are not involved in attachment to our three
model particles.
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These results indicate that the initiation of bacteria-particle attachment is a
complex process driven by a combination of surface structures, in which OmpA plays a
major role.
To our knowledge, we are the first to report the five different patterns of OmpA
within the species E. coli.  After searching in database, we found that the sequences of
the five patterns have all been documented as parts of E. coli genome sequencing
projects.  The truth is that the polymorphism has never been noticed until we discovered
it from screening our environmental E. coli collection although the sequences are already
available online.
We constructed five strains by expressing the five different OmpA on plasmid in
an OmpA-deficient MG1655 strain. Experimental results show that they possess distinct
cell surface properties (zeta potential and hydrophobicity) and attachment propensity to
different model particles.
Within the 78 environmental E. coli strains, we found that 3 of the OmpA patterns
are roughly equally distributed between sediment-associated strains and water-associated
strains. An interesting fact is that all the strains encoding OmpA2 are from sediment.
More diversity was found for sediment strain than for water strain in terms of OmpA
pattern. If strains with different OmpA also tend to have distinct genomic background, it
might suggest that sediment has a more diverse bio-community.
By applying the statistical analysis permutation, we tested our hypothesis that
strains encoding the same OmpA have more closely related genomic background
(represented by rep-PCR “fingerprints”).The results show that except for the 7 strains
encoding OmpA2, the genomic background of the 71 strains encoding the other 4
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patterns of OmpA have no significant difference from each other. It might imply that the
different alleles of OmpA are spreading among E. coli through horizontal gene transfer
(HGT) mediated by vectors such as plasmids and phage, or via taking up exogenous
DNA fragments and incorporating into genome through recombination.
Bacteriophages are reported to be the vectors that transmit Shiga toxin encoding
genes from Shigella dysenteriae to E. coli. The resulting Shiga toxin-producing E. coli
(STEC), such as O157:H7 and O104:H4, cause severe food-borne disease outbreaks the
past years. In the phylogenetic analysis, we found that E. coli and S. dysenteriae share the
same OmpAs (chapter 5, Fig. 6). It has also been intensively reported that OmpA are
receptors for T- even phages. Thus, it is highly possible that OmpA is a key link in these
public health events caused by phage mediated horizontal gene transfer.
E. coli can be categorized into different serotype based on O antigen
(lipopolysaccharide), K antigen (capsule), and H antigen (flagella). The five different
OmpA patterns can be another way of differentiating E. coli isolates added to the three
traditional ones.
Through investigating strains with available genomic sequence in NCBI, we
found that isolates with the same O antigen type tend to encode the same OmpA with rare
exceptions. With more strains of E. coli being subjected to genome sequencing in the
future, we can draw a more accurate conclusion about the relationship of antigen type
with OmpA patterns.
It was reported that about 80 % of E. coli neonatal meningitis are caused by
strains with the K1 capsular polysaccharide. So we did agglutination assay to survey the
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presence of K1 strains in our river E. coli collection. No K1 E. coli was found in our
collection.
To sum up, it is a comprehensive work starting from a broad goal of identifying
genetic factors involved in bacteria-particle attachment and led to extensive
characterization of a specific outer membrane protein. The findings and discoveries
obtained from my work should contribute to development of the relevant scientific fields.
6.2 Future Work
Our work about genetic factors impacting attachment of bacteria to particles
provides insights into future decrypting of attachment mechanisms.  The abundant outer
membrane proteins that projected large extracellular loops out of cell surface are
candidates with great potential of playing important roles in shaping the attachment
propensities of bacteria. Thus, besides properties of sediment particles, genetic factors,
especially outer membrane proteins, should also be taken into consideration in future
work of modeling the transportation of bacteria in open water.
Since different OmpAs were found to affect cell properties and bacterial
attachment behaviors, it is highly possible that the OmpAs also confer their host distinct
competitive advantages. One of the phenomena we noticed is that when growing in M9
minimal medium supplemented with 0.4% glucose as carbon sources, the five constructs
encoding different OmpAs have the same growth pattern. M9 minimal medium has
relatively high osmolality and limited nutrients compared to LB medium, but it might not
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be a big enough challenge for growth of E. coli. Therefore, we can test fitness of the five
constructs by challenging them with more stressful growth conditions such as high
osmolality, high temperature, acidic or alkaline environment, and in the presence of
detergent.
We also did quantitative biofilm formation assay for five the MG1655 strains
encoding different OmpAs in 96-well polystyrene plates. The results show that OmpA2-
strain form almost no biofilm and OmpA4-strian forms most biofilm (Appendix Fig. 1).
Biofilm formation on other surfaces such as glass and steel can be further explored.
Biofilm formation on metal or plastic solid surfaces, such as those used in wastewater
treatment plants and medical devices, cause economic loss and threat to human health.
Through exploring the mechanism of how OmpA2 prevent the formation of biofilm, we
may be able to design strategies to address the issue accordingly.
As reported previously, extracellular loops 1, 3 and 4 of OmpA3 are involved in
invasion of Neonatal Meningitis E. coli (NMEC) into mammal macrophage cells by
binding to the receptor on cell surface. An interesting fact is that NMEC isolates do not
all encoding OmpA3, at least one strain encoding OmpA4 was found from NCBI. We
found that within the five patterns of OmpA we discovered, there are four types of loop 3.
We therefore asked questions that what contributions to pathogenicity would these
variations have, and what would be the underlying mechanisms. Thus, NMEC strains
encoding five different OmpAs can be constructed and cell invasion assay can be
conducted to test the invasion ability in vitro. Moreover, we can use newborn Mouse
Model of Meningitis to test the ability of different OmpAs in brain colonization and
virulence of causing death. Moreover, if OmpA was used as a target in the design of
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therapeutic strategies against pathogenic E. coli in the future, the variations in the
extracellular loops need to be taken into consideration.
T-even phages were reported to use OmpA as a receptor for entering E. coli cells.
It is highly possible that our different versions of OmpA possess susceptibility to one
phage but not the other. Through sensitivity assay of E. coli encoding different OmpAs to
bacteriophages, we might be able to differentiate sites needed for different phages’
invasion.
Last but not the least, the results about distinct biofilm formation ability of strains
encoding different OmpAs provides a new perspective in studying the important
scientific topic of microbial life on surfaces.
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APPENDIX INVESTIGATION OF OTHER CELL PROPERTIES AFFECTED
BY VARIATION OF OUTER MEMBRANE PROTEIN A
Side view of “rings” Top-down view after de-staining OD570/OD600 ± SE
2.12 ± 0.019
0.237 ± 0.002
2.08 ± 0.0.02
2.92 ± 0.01
2.47 ± 0.03
1.8 ± 0.01
4.53 ± 0.03
OmpA1
OmpA3
OmpA4
OmpA5
WT:EV
ΔOmpA:EV
Blank
OmpA2
Strain
NA
FIGURE 1. Quantitative biofilm formation assay for five variants expressing different OmpA demonstrate that
OmpA2 impairs biofilm formation ability of E. coli MG1655. EV - empty vector; WT - wild type MG1655.
